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ABSTRACT 
NIR for Combined Selection in Hardwoods for Both Growth and Wood Properties 
Tran Duy Hung 
Abstract of a thesis submitted to The University of Queensland for the degree of Doctor of 
Philosophy 
 
Near infrared (NIR) spectroscopy provides an inexpensive and rapid alternative to traditional 
laboratory methods for estimation of wood properties. Its advantages are well-known as an 
appropriate approach for tree improvement programs where assessment of a large number of trees is 
usually required and elite individual trees need to be retained for use as future parents. Hence, tree 
breeders are beginning to realise the potential of this technology for the selection of species, taxa, 
provenances, families and individual trees with superior wood quality.  
Forest products are consumed worldwide for multiple purposes to support daily living. Many of 
these products are sourced from planted forests. In north-eastern Australia large areas of hardwood 
plantations have been established in the last 15 years; however, due to poor tree species selection, 
significant areas have failed. Research to support hardwood plantation development in north eastern 
Australia included the establishment of taxa trials across multiple sites in Queensland and northern 
New South Wales. Previous work involving this trial network focused primarily on the growth and 
survival of the various taxa and species included, and identified a number of promising species, 
including Corymbia citriodora subsp. variegata (CCV) and Eucalyptus pellita. In this thesis, the 
initial focus was to evaluate the most promising hardwood taxa across a subset of well-replicated 
and linked trials, to identify the taxa most suitable for solid wood and pulpwood production across 
the diverse environments of north-eastern Australia. The second focus was to assess open-pollinated 
families within different provenances (or seed sources) in two key studied species (CCV and E. 
pellita) to investigate the genetic control of key wood properties, and relationships among wood and 
growth traits. Here near infrared spectroscopy was used to rapidly and cost effectively assess the 
wood properties of these taxa across multiple trial sites and methods developed to deal with 
unbalanced representation of taxa/species across and within trials. This thesis aims to address the 
following research questions: 
Question 1: What are the best taxa for both growth and wood property traits for deployment 
across the diverse environments in tropical and subtropical regions of Queensland and 
northern New South Wales?  
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Question 2: How do genetic parameters vary in growth and wood property traits of CCV 
across three progeny trials in southeast Queensland, Australia? 
Question 3: How do genetic parameters vary in growth and wood property traits of E. 
pellita across two progeny trials in Vietnam?  
Question 4: What selection strategies will maximise genetic gains in all key traits in both 
CCV and E. pellita?  
In order to address these questions, growth data (diameter at breast height over bark [DBH] and tree 
height [H]) and wood samples of 20 taxa have been collected from a large number of trials across a 
wide range of regions in north eastern Australia and Vietnam. DBH and H were used to calculate 
conical volume (V, dm
3
 or m
3
). All wood samples were prepared and scanned to acquire NIR 
spectral data that were then used to estimate Kraft pulp yield (KPY, %), basic density (DEN, 
kg/m
3
), modulus of elasticity (MOE, GPa) and microfibril angle (MfA, degree). Statistical methods 
studied included: univariate, bivariate and across-trials mixed models for breeding value prediction 
and restricted maximum likelihood (REML) approximation of genetic parameter estimation; 
hierarchical clustering to facilitate grouping of trials into classes based on similarity in the 
performance of individual taxa; and, principal component analysis to analyse the pattern of 
performance across sites. Finally, a deterministic simulation was constructed to demonstrate the 
impact of different weightings for each trait on predicted genetic gains in both CCV and E. pellita.    
After the initial introduction chapter, the second chapter of the thesis provides information on the 
productivity and wood properties of examined species/taxa, thence a more robust basis for taxa 
selection across geographical locations in north-eastern Australia during the first 10 years of age 
can be better understood. The third and fourth chapters investigate a range of genetic parameter 
estimates based on open-pollinated progeny trials established in southeast Queensland for CCV and 
in Vietnam for E. pellita. The fifth chapter constructs the deterministic simulation to iteratively 
estimate genetic gain for various combinations of relative selection weighting in both CCV for 
production of solid wood in southeast Queensland and E. pellita for the production of pulpwood on 
short rotations in Vietnam. This chapter indicates selection weights can be applied to select trees as 
parents of the next generation of breeding and to select trees for retention in seedling seed orchards, 
and will lead to genetically improved CCV and E. pellita seed for afforestation in the future. 
Jointly, this thesis focuses on hardwood forest tree improvements for both growth and wood quality 
traits. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
1.1. Introduction 
Forest products are consumed worldwide for multiple purposes to support daily living; not merely 
for timber for use in buildings and furniture but also for bio-energy, chemical products, and non-
timber products such as carbon storage and water. Many of these products are sourced from planted 
forest. In north-eastern Australia large areas of hardwood plantations have been established in the 
last 15 years; however, due to poor tree species selection, significant areas have failed (low survival 
rates and productivity). Research to support hardwood plantation development in north-eastern 
Australia included the establishment of taxa trials throughout Queensland and northern New South 
Wales (NSW). Previous work involving this trial network has primarily focused on the growth and 
survival of the various taxa and species included, and identified a number of promising species, 
including Corymbia citriodora subsp. variegata (CCV) and Eucalyptus pellita (Lee et al. 2011; 
Brawner et al. 2013). In this thesis, the initial focus was to evaluate the most promising taxa 
(species and inter-specific hybrids) across a subset of well-replicated and linked trials, to identify 
the taxa most suitable for solid wood and/or pulpwood production across the diverse environments 
of north-eastern Australia. Here near infrared (NIR) spectroscopy was used to rapidly and cost 
effectively assess the wood properties of these taxa across multiple trial sites and methods 
developed to deal with unbalanced representation of taxa across and within trials.  
In addition to appropriately matching taxa/species to sites, use of genetically improved planting 
stock along with good silviculture are important to develop high yielding, healthy and sustainable 
forests (White et al. 2007). In any tree improvement program, breeders aim to efficiently develop 
genetically improved population of trees by maximizing genetic gain per unit time. An 
understanding of the genetic control of key growth, form and wood quality traits, and the genetic 
associations among these traits, will assist the selection of traits to optimise responses from 
selection and breeding. Wood properties (apart from wood density), although known to be key 
determinants of the value of timber and fibre, have not been an important component of many forest 
tree improvement programs due to an inability to rapidly measure wood properties on a large 
number of samples. Instead, improvement of stem straightness, increasing disease resistance and 
increasing growth rate have been core objectives of most forest tree improvement (White et al. 
2007). Developments in use of NIR spectroscopy, now mean that NIR can be used in tree 
improvement programs to rapidly assess wood properties of standing trees (Schimleck 2008) 
quickly and efficiently. Therefore the second major focus of this thesis was the application of NIR 
of predict wood quality traits of open-pollinated families within different provenances (or seed 
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sources) in two key species (Corymbia citriodora subsp. variegata (CCV) evaluated in southeast 
Queensland, and E. pellita evaluated in central and southern Vietnam
1
) to investigate the genetic 
control of key wood properties, and relationships among wood and growth traits.  
This thesis is structured around four major research questions: 
Question 1: What are the best taxa for both growth and wood property traits for deployment 
across the diverse environments in tropical and subtropical regions of Queensland and 
northern New South Wales? (Chapter 2) 
Question 2: How do genetic parameters vary in growth and wood property traits of 
Corymbia citriodora subsp. variegata (CCV) across three progeny trials in southeast 
Queensland, Australia? (Chapter 3) 
Question 3: How do genetic parameters vary in growth and wood property traits of 
Eucalyptus pellita across two progeny trials in Vietnam? (Chapter 4) 
Question 4: What selection strategies will maximise genetic gains in all key traits in both 
Corymbia citriodora subsp. variegata and E. pellita? (Chapter 5) 
In order to address these questions, growth data (diameter at breast height over bark [DBH, cm] and 
tree height [H, m] at different ages) and wood samples (total of 4499) of 20 taxa were collected 
from a large number of trials (total of 39 including 34 taxa trials, 3 progeny trials of CCV and 2 
progeny trials of E. pellia) across a wide range of regions in north-eastern Australia and Vietnam. 
DBH and H were used to calculate conical volume (V, dm
3
 or m
3
). All wood samples were prepared 
and scanned to acquire NIR spectral data that were then used to estimate Kraft pulp yield (KPY, %), 
basic density (DEN, kg/m
3
), modulus of elasticity (MOE, GPa), and microfibril angle (MfA, 
degree). Statistical methods explored included: univariate, bivariate and across-trials mixed models 
for breeding value prediction and restricted maximum likelihood (REML) approximation of genetic 
parameter estimation; hierarchical clustering to facilitate grouping of trials into classes based on 
similarity in the performance of individual taxa; and, principal component analysis to analyse the 
pattern of performance across sites. Finally, a deterministic simulation was constructed to 
demonstrate the impact of different weightings for each trait on predicted genetic gains in both 
CCV and E. pellita.    
Studies on growth and wood properties in hardwoods are numerous, particularly in eucalypts. 
However, these studies (e.g. Miranda & Pereira 2002; Sanhueza et al. 2002; Apiolaza et al. 2005; 
Costa E Silva et al. 2009) typically utilise data from relative few trials and include only a limited 
                                                 
1
 Trials of E. pellita in northern Australia were destroyed by cyclone Yasi in 2011, and so could not be included in this 
study. 
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number of samples to assess wood properties. In this thesis the issue of matching species to sites is 
explored, using both data from 20 hardwood taxa for growth and the most promising 13 species for 
wood quality. The resulting dataset was interconnected across trials, but representation of species 
and taxa was unbalanced both within trials and across trials. Various statistical methods were 
explored to analyse this data set, to identify the most suitable taxa for plantation establishment after 
consideration of both productivity (growth and survival) and wood quality. Similar issues with 
species selection are encountered in many areas of the tropics and subtropics internationally, where 
there is a need to expand planted forests to meet current and future demands for wood and fibre and 
to rehabilitate degraded landscapes. Typically, species/taxa evaluation is conducted in a series of 
partially interlinked trials, with a primary focus on growth and survival, as wood properties are 
typically too difficult or expensive to assess on a large number of trees. For example, in Vietnam 
many native and exotic hardwood and softwood species have been evaluated in trials, and some of 
the most promising species include: Acacia mangium, E. urophylla, E. pellita and Pinus caribaea 
var. hondurensis (Kha 2003; Kha et al. 2003). It is therefore anticipated that the approach 
developed and used in this thesis may also be applied successfully to taxa evaluation trials in other 
regions to better evaluate species suitability for plantation forestry. 
When research for this thesis commenced, two species (Corymbia citriodora subsp. variegata 
[CCV] and Eucalyptus pellita) were chosen for detailed investigations of the genetic control of 
growth and wood property traits, and to assess how NIR might be used to maximise genetic gains in 
both growth and wood properties. These species were selected for inclusion in this study based on 
published information and the availability of suitable open-pollinated progeny trials of an 
appropriate age for wood quality assessment.  
CCV has consistently performed well in many taxa comparison trials established across north-
eastern Australia, with high productivity where frost and disease are not limiting growth (Brawner 
et al. 2011; Lee et al. 2011; Brawner et al. 2013). Evidence suggests that CCV has promise across a 
diverse range of sites and is able to thrive in challenging environments (Johnson et al. 2009; Lee et 
al. 2011; Brawner et al. 2013). Approximately 22,000 ha of plantations of CCV have been 
established in north-eastern Australia (Nichols et al. 2008) for the production of solid wood (Lee 
2007). The quality of timber obtained from plantation-grown CCV is suitable for most purposes 
(Harding et al. 2009b; Washusen et al. 2009), and exceeds industry standards for many products 
(Huth et al. 2012). In addition, the species has high pulp yield and wood density so it can be well 
suited for pulpwood production (Clark & Hicks 2003; Brawner et al. 2012). To support the 
developing plantation program with CCV, there is a need to quickly develop genetically improved 
planting stock, and to optimise breeding efforts to improve the growth and wood properties of CCV.  
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E. pellita has considerable potential for plantation forestry in the tropics because of its fast growth 
rate and tolerance to a wide range of soils including those of relatively low fertility (Clarke et al. 
2009). The wood of E. pellita from young plantations is acceptable for Kraft pulping and paper-
making, and can be used for the production of sawn timber or veneer when grown on longer 
rotations (Harwood 1998). Nevertheless, the area of E. pellita plantation is limited in Vietnam (Kha 
et al. 2003) even though eucalypts are one of the most important groups of plantation species and 
are widely planted throughout Vietnam. Research to support the genetic improvement of this 
species, and the development of improved seed sources, will encourage the expanded use of this 
species in Vietnam and in other areas of the humid tropics. 
This thesis covers a range of issues from matching taxa to sites, exploring genetic relationships 
amongst growth and wood traits, through to constructing multi-trait selection indices. The overall 
unifying theme is maximisation of productivity from plantation forestry, using NIR to efficiently 
assess wood properties of individual, standing trees. Therefore allowing: (i) taxa (i.e. hybrids, 
species or provenances within species) to be selected which are both well adapted (high growth and 
survival) and which will be wood of required quality; and, (ii) selection of individual trees within 
provenance with highest genetic merit for seed production and/or breeding and so realise the 
greatest gains in productivity and wood quality. The thesis is structured as follows: Chapter 1 
introduces the background of the thesis and provides a review of relevant literature on the 
development and use of NIR technology for estimation of wood properties; Chapter 2 summarises 
data from 34 field trials containing 20 taxa established across north-eastern Australia to identify the 
most suitable taxa for plantation establishment and hence for tree improvement; Chapter 3 reports 
investigations into the genetic variation in growth and wood quality traits of CCV across three 
progeny trials in southeast Queensland; Chapter 4 reports a parallel study in E. pellita that examined 
genetic parameters of growth and wood properties from two progeny trials in Vietnam; Chapter 5 
details results of deterministic simulations of multi-trait selection in both CCV and E. pellita to 
identify strategies that will optimise gains from selection of both growth and wood properties; and 
finally, Chapter 6 provides a general discussion and conclusions.  
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1.2. Literature review 
Using near infrared (NIR) spectroscopy to determine wood properties 
Introduction to NIR 
Near Infrared Reflectance is a long-developed and mature technology (Dryden 2003). NIR was first 
discovered in 1800s to assess the heat energy of solar emission beyond the red portion of the visible 
spectrum (Hindle 2001). Nonetheless it had not been until a paper published by Norris and Hart in 
1965 (Schimleck 2008), acknowledging the power of multivariate analysis to extract quantitative 
information from complex NIR spectra, that many studies of NIR spectroscopy began to be reported 
(Tigabu 2003; Acuna & Murphy 2006). The analytical applications of NIR spectroscopy were 
widespread in early 1990s, with many different industries including agriculture, food, paper, petro-
chemical, polymer and textile using the technology (Schimleck 2008). NIR spectroscopy of 
reflected spectra of electromagnetic waves ranging from 700 to 2500 nm has been used for the non-
destructive measurement of organic materials such as agricultural products and foods. However, it 
shows great potential in all facets of material assessment. It has been applied in the pulp and paper 
industry to monitor the moisture content under online conditions (So et al. 2004).  
NIR spectroscopy works on the principle of electromagnetic radiation which can take several forms. 
When any solid material is illuminated with monochromatic radiation emitted by a NIR instrument, 
the incident radiation will be reflected by the outer surface, traverse deep into the inner tissue of the 
sample and be reflected back (diffuse reflectance), pass all the way through the sample 
(transmittance), be absorbed completely (absorption), or be lost as internal refraction and scattering. 
If a sample absorbs none of the incident energy, total reflection occurs. NIR spectroscopy uses both 
diffuse reflectance and transmittance, although the former includes the specular component (Tigabu 
2003). For practical reasons, diffuse reflectance (R) is converted to absorbance according to the 
formula: A = log(1/R) (Tigabu 2003). The NIR region extends from 780 to 2500 nm in which the 
spectra may be characterized by the assignment of the absorption bands to overtones and 
combinations of fundamental vibration associated with C-H, O-H, and N-H bonds (So et al. 2004). 
The signals from these vibrations are similar, with resultant spectra consisting of many broad and 
overlapping bands. This feature of the spectra makes the interpretation of NIR spectra difficult 
(Tigabu 2003).  
Wood quality traits of interest 
Wood quality is ultimately defined in terms of end use (fitness for use) as different users have 
different definitions (Downes et al. 1997). Paper industries consider wood, with high pulp yield, 
and low lignin and low pentosan proportions, to be most desirable. A saw-miller may wish wood 
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that will not bend and twist when it dries, while a tree grower prefers a straight tree and high growth 
rate to be good wood quality (Downes et al. 1997). 
There are a number of wood properties that affect the quality of final products. All wood is 
composed of cellulose, lignin, hemicelluloses, and minor amounts of extraneous materials contained 
in a cellular structure (chemical properties). Variations in the characteristics and proportions of 
these components and differences in cellular structure make woods heavy or light, stiff or flexible, 
and hard or soft (Forest Product Laboratory 2010). To use timber to its best advantage and most 
effectively in engineering applications, a number of physical properties such as wood density, 
microfibril angle, fibre dimensions, etc. must be considered. In this study the wood traits of interest 
include Kraft pulp yield, basic density, modulus of elasticity (a measure of stiffness) and microfibril 
angle.  
Kraft pulp yield (KPY) and NIR application 
Pulp yield is the most important factor for pulp and paper-making industry, and small changes in 
this property can cause large impacts on enterprise profitability (Downes et al. 2009). Pulp is made 
up of wood fibres that have been separated from each other by chemically dissolving the lignin that 
binds them together in the wood or by mechanically tearing them apart and fracturing the cell wall 
(Downes et al. 1997). Thus pulp yield is a function of cellulose, density and the content of 
extractives and lignin. Each wood constituent has a different capacity to resist chemical 
degradation, thus influencing the variation in residual pulp per volume of wood (So et al. 2004). 
Increased pulp yield has a number of potential advantages (Downes et al. 1997): reduction in wood 
requirement; reduction in chemical use; improved digester efficiency in chemical pulping; and, 
increased production capacity. More recently, pulp yield has become an important parameter for 
forest tree breeding (Greaves et al. 1997; Schimleck et al. 1999), and so it is desirable to assess this 
trait inexpensively and rapidly in samples taken from standing trees. 
Michell (1995) used NIR spectroscopy to examine pulpwood quality based on small samples. In 
this study only three trees from each of ten provenances of Tasmanian E. globulus were used to 
evaluate pulpwood quality. The results demonstrate the potential of NIR as a tool to evaluate the 
pulpwood quality. Michell and Schimleck (1998) further developed NIR calibration models to 
assess the pulp yield of E. globulus and E. nitens from increment core samples. Using Partial Least 
Squares (PLS) regression, they found the standard errors of calibration were low (0.7). The 
Principal Components Analysis and Discriminant Analysis were used to match new samples with 
existing calibrations. Relationships between pulp yields predicted for cores at 10% tree height and 
whole-tree values showed that useful predictions of whole-tree pulp yields could be obtained from 
measurements on cores (Michell & Schimleck 1998). Further, Elg-Christofferson et al. (1999) 
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reported that the pulps might be characterised by NIR spectroscopy. The authors demonstrated that 
the alkali resistance (R18) of the pulp and the filter clogging value (Kw) of the laboratory-prepared 
viscose could be modelled using multivariate analysis of NIR spectra.      
Raymond et al. (2001) aimed to determine whether it was possible to design a sampling program 
for prediction of pulp yield based on removing wood cores. By linking a series of reported results 
from a research program which developed representative sampling strategies for a range of wood 
properties in E. globulus and E. nitens (Raymond et al. 2001), these authors were able to investigate 
a number of issues relating to pulp yield: how pulp yield varies within the tree; the best place on the 
tree to remove the core; how well a core predicts the whole-tree value; impacts of the direction of 
removing the core; and the number of trees that should be sampled. Additionally Schimleck et al. 
(2005a) developed further NIR calibration models for estimating whole-tree Kraft pulp yield of E. 
nitens using increment core samples. This study indicated that predictions of whole-tree pulp yield 
based on increment cores were better than those obtained using whole-tree composite samples of 
wood chips, and that it was feasible to obtain calibrations to estimate whole-tree pulp yield based on 
NIR spectra on increment cores (Schimleck et al. 2005a). Alves et al. (2007) also applied these 
techniques in a conifer (P. pinaster), using 910 wood discs to develop PLS regression models of  
NIR spectra to predict the Kappa number of pulp.  
Tyson et al. (2009) used existing NIR calibration models based on samples from central Brazil to 
estimate pulp yield and wood properties of samples from plantations located in southern Brazil. 
They investigated the feasibility of adjusting calibrations by adding samples to the initial calibration 
set. Likewise, Downes et al. (2009) developed a multi-site and multi-species NIR calibration model 
for predicting Kraft pulp yield in eucalypts. They concluded that NIR predictions of Kraft pulp 
yield could never completely replace classical methods, NIR complements and improves the cost-
effectiveness of traditional pulping, particularly where non-destructive evaluation is required 
(Downes et al. 2009). 
Basic density (DEN) and NIR application 
Density is one of the most important physical properties of wood (Forest Product Laboratory 2010). 
Often density is confused with specific gravity that is relative to the density of water. However this 
literature refers to basic density, defined as “oven-dry mass divided by green volume”, and is 
expressed in grams per cubic centimetre or kilograms per cubic metre (Downes et al. 1997; 
Schimleck et al. 1999; Forest Product Laboratory 2010). 
Many researchers have focused upon NIR spectroscopy to predict wood density. Schimleck et al. 
(1999) determined the precision of estimating the basic density of wood from near infrared spectra 
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withdrawn from standing eucalypt plantation trees, and they found that the basic density of woods 
ranging from 378 to 656 kg/m
3
 could be estimated with an accuracy of prediction of ca. ±30 kg/m
3
. 
They compared this error to the accuracy of prediction of pilodyn density measurements on similar 
samples of ca. ±22 kg/m
3
. Similarly, Kube and Raymond (2002) investigated the potential for 
predicting whole-tree basic density from core samples of 12-year-old E. nitens from three sites in 
Tasmania. They found that the core samples explained between 85 and 92% of variation in whole-
tree density. Further studies on using NIR spectra to predict wood density were developed for E. 
nitens. Of these, Schimleck et al. (2006a) used 5 mm sections from the radial-longitudinal face of 
eight E. nitens radial strips for having NIR spectra, calibration was then developed for air-dry 
density. This calibration correlated well giving a coefficient of determination (R
2
) of 89% between 
measured air-dry density and that of NIR prediction. However the calibration has shown a slight 
bias and tended to overestimate the air-dry density of the samples that formed the prediction set 
(Schimleck et al. 2006a). 
Similar to Eucalyptus species, NIR spectroscopy predicting wood density was applied to some 
Pinus species. Schimleck and Evans (2003) used eight Pinus radiate D. Don increment cores to 
model an air-dry density calibration with NIR spectra collected from the radial – longitudinal face 
of each core in 10 mm increments. The authors then developed the air-dry density calibration 
utilising five factors that creating good correlation between SilviScan-2 determined air-dry density 
and NIR fitted air-dry density (R
2
 = 90%). Two intact P. radiata increment cores randomly selected 
from same set as the calibration samples were used to perform the predictive ability of the air-dry 
density calibration. This study demonstrated that NIR technology can help with analysing air-dry 
density in large numbers of core samples as a rapid method (Schimleck & Evans 2003). 
Additionally, Schimleck et al. (2003) applied a similar method using NIR spectroscopy to predict 
air-dry density of green wood of twenty radial samples of P. taeda L. They concluded that it was 
possible to use NIR spectroscopy to predict the air-dry density of 10 mm sections of green wood 
samples with a coefficient of determination of 85%. However, later work by Jones et al. (2007) 
suggest a limitation to the spatial resolution of the NIR measurements such that it is not possible to 
estimate the wood properties of individual rings. A comparison of air-dry density calibrations 
obtained using NIR spectra collected in 5 mm and 2 mm sections with some different instruments 
has been conducted. The results have shown that calibrations based on spectra collected in 5 mm 
sections had better statistics than those in 2 mm sections (Jones et al. 2007).   
Mora et al. (2008) predicted air-dry density and basic density using NIR spectra obtained from 
wood radial strip samples taken at 1.4 m point from 60 P. teada trees planted in three progeny tests 
in the southeast United States. They used raw spectra and pre-processed spectra with second 
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derivative, multiplicative scatter correction and orthogonal signal correction to develop NIR 
calibration models. Spectra obtained from 10 mm sections from the samples have provided 
successful calibrations for both wood parameters. However, pre-processed data did not improve the 
models compared with the models fitted using raw data. The effects of using repeated 
measurements were also examined. Hence they concluded that repeated measurements did not show 
problems for the development of NIR calibration models for the estimation of wood densities using 
radial strip samples in 10 mm sections. 
Acuna & Murphy (2006) demonstrated the application of NIR spectroscopy for predicting wood 
density of Douglas-fir. In this study, wood disks and wood chips were collected from 17 sites. NIR 
NIR spectra on the wood chips were used to develop a calibration model. The model had a 
coefficient of determination that ranged from 89 to 95% for calibration, and from 56 to 85% for 
validation. These results suggest that NIR spectroscopy would be utilised on mechanized harvesting 
equipment to segregate logs based wood density (Acuna & Murphy 2006). 
Modulus of elasticity (MOE) and NIR application 
Elasticity indicates the deformations produced by low stress that are completely recoverable after 
the load is removed. When loaded to stress levels above the proportional limit, plastic deformation 
or failure (rupture) occurs. Typically the stress-strain curve for wood-based composites is linear 
below the proportional limit (Desch & Dinwoodie 1996). The slope of the linear curve is the 
modulus of elasticity (Forest Product Laboratory 2010). In compression or tensile tests, this slope is 
sometime referred to as Young’s modulus to differentiate it from bending MOE. Bending MOE is a 
measure of the resistance to bending deflection, which is relative to the stiffness. Young’s modulus 
is a measure of resistance to elongation or shortening of a member under tension or compression 
(Forest Product Laboratory 2010).  
MOE is a constant characterising a piece of wood (Desch & Dinwoodie 1996). MOE is frequently 
referred to as the stiffness of wood, and it is a mechanical indicator of wood properties. There have 
been several studies applying NIR spectroscopy to estimate MOE. Together with density, 
longitudinal MOE was predicted from NIR spectra obtained from mixed species samples by the 
work of Schimleck et al. (2001). In that study, calibrations were developed for longitudinal MOE 
that had good statistics and demonstrated the possibility of developing general calibrations for MOE 
across a wide range of species. Meder et al. (2002) used NIR spectroscopy to predict the stiffness of 
radiata pine veneers. They found the potential for using NIR spectroscopy for online assessment of 
veneer stiffness prior to layup of plywood, and selection of high stiffness veneers for layup would 
enable engineered panels of high uniform stiffness to be produced. 
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Wood stiffness (longitudinal modulus of elasticity, EL) is considered as an important wood property 
for solid timber applications. Schimleck et al. (2002) reported that radial changes in wood stiffness 
of increment cores could be estimate using NIR spectroscopy. Resolution was limited to 15 mm as 
the NIR spectra had been obtained from 15 mm sections from pith to bark. In this study, the authors 
utilised sets of E. delegatensis and P. radiata samples which were characterised in terms of elastic 
modulus along the longitudinal axe of wood-EL(SS) (estimated stiffness based on a combination of 
SilviScan-2 diffractometric data and measured density). The NIR spectra, obtained from the radial-
longitudinal face of each sample, were used to develop EL(SS) calibrations for the E. delegatensis 
and P. radiata sample sets and the two sets combined. EL(SS) was estimated in separate test sets and 
found to have good relationship with measured EL. NIR spectra were obtained in 15 mm sections 
from the radial-longitudinal face  of two intact P. radiata increment cores. The results showed that 
NIR estimates of EL(SS) were in good agreement with SilviScan-2 determined stiffness with R
2
 
ranging from 0.89 to 0.93 (Schimleck et al. 2002). 
Further, more work has been focused upon the issue that argued that the estimates of EL(SS) of the 
increment core samples could be improved by using calibration samples that are more closely 
related to the samples whose properties will be predicted (Schimleck & Evans 2002b). It is also 
possible that resolution can be improved by using a smaller window when the NIR spectra are 
collected (Schimleck & Evans 2002b). In their study, Schimleck & Evans (2002b) used eight P. 
radiata increment core samples representative of a total of thirty-two increment cores selected for 
the development of an EL(SS) calibration based on NIR spectra obtained from the radial-longitudinal 
face of each sample 10 mm sections. The EL(SS) calibration was developed using eight factors 
providing good correlation amongst SilviScan-2 determined EL(SS) and NIR fitted EL(SS) with R
2
 
equals 0.97. NIR spectra were obtained in 10 mm sections from the radial-longitudinal face of two 
intact P. radiata increment cores and EL(SS) of each section predicted to test the EL(SS) calibration. 
The results showed significant improvement in estimation, with NIR estimates of EL(SS) strongly 
correlated with EL(SS) determined using SilviScan-2 data (R
2
 were 0.99 and 0.98 respectively with 
core A and core B), and the standard error of predictions were relatively low. This indicates that 
EL(SS) calibration based on NIR spectra obtained from a set of representative cores could provide 
excellent predictions of EL(SS), and the predictions were better than those reported in Schimleck et 
al. (2002) and Schimleck & Evans (2002b).  
Schimleck et al. (2005b) investigated the possibility of obtaining predictive calibrations for EL(SS) 
using diffuse reflectance NIR spectra collected in 10 mm sections from the radial longitudinal face 
of wooden strips where the density range is small and the relationships between EL(SS) and density 
are poor. The authors concluded that strong calibrations for EL(SS) could be obtained when density 
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variation is limited, and when there are no relationships between density and EL(SS). Similarly, Jones 
et al. (2005) reported that strong calibration (R
2
 = 0.93) was obtained for stiffness of P. taeda radial 
strips representing 15 sites from three physiographic regions in Georgia (USA).  
Microfibril angle (MfA) and NIR application 
According to Downes et al. (1997), cellulose microfibril that “make up of long chains of cellulose, 
these microfibrils further combine with other microfibrils to form fibrils that are arranged helically 
in the secondary wall. The angle of the fibril with the longitudinal axis of the fibre is the 
microfibril”. The microfibrils are very strong in tension, and are arranged around the cell wall as a 
spiral winding. The angle has a major effect on the strength of the fibre as it indicates the amount of 
tension that can be directed axially along the microfibril. A steeper angle increases fibre tensile 
strength and tensile modulus (Downes et al. 1997). 
Together with wood density and MOE, MfA has been an important trait studied. Schimleck & 
Evans (2002a) reported their study on eight P. radiata  increment core samples representative of a 
total of thirty-two increment cores. They measured NIR spectra from the radial-longitudinal face of 
each core in 10 mm increments and used to establish a microfibril angle calibration. A calibration 
was then developed using seven factors to provide good correlation between SivilScan-s determined 
microfibril angle and NIR fitted values (R
2
 = 95%). The calibration was applied to predict the 
microfibril angle of NIR spectra generated from 10 mm sections from the radial-longitudinal of two 
intact P. radiata increment cores. This method has given excellent results, and suggested to be a 
rapid technique for estimating microfibril angle variation in increment cores and could be used for 
analysing large numbers of samples (Schimleck & Evans 2002a). 
It may be that air-dry density influences the MfA in relation to the success of NIR calibrations. 
Schimleck et al. (2005b) investigated the importance of density variation by developing calibrations 
for MfA using two pine species (P. radiata and P. taeda) samples sets where the density range was 
small and the relationship between density and MfA was poor. The calibrations for MfA were 
obtained, especially when sets had densities larger than 500 kg/m
3
. This indicated that the 
relationship between NIR spectroscopy and MfA can be strong despite density variation being 
limited (Schimleck et al. 2005b). The extensive application of NIR spectroscopy calibration for 
estimating the MfA of P. taeda wood samples was developed further by the excellent work of 
Schimleck et al. (2007) and Jones et al. (2007). The former used the tangential face of earlywood 
and latewood sections cut from eleven P. taeda radial strips for measuring NIR spectra. After 
assessing MfA of these sections using X-ray diffraction, calibrations for MfA were developed using 
all samples combined. The results presented demonstrate that it is feasible to utilise the NIR spectra 
from the tangential face to predict MfA variation for earlywood (EW) and latewood (LW) within 
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individual growth rings, with coefficients of determination (R
2
) ranging from 86% (EW) to 91% 
(LW) (Schimleck et al. 2007).  The latter (Jones et al. 2007) investigated high spatial resolution of 
wood properties of radial strips, the traits of interest included MfA.  
NIR spectroscopy and forest tree breeding programs 
Wood properties vary between species, and between individuals within species. This variability is 
heritable and could be tapped in breeding programs to develop varieties with improved wood 
quality (Downes et al. 1997). A tree breeding program typically requires a large number of samples 
to be evaluated in a rapid and cost-effective manner. NIR spectroscopy can assist by making it 
feasible to determine many traits of interest from a single increment core (Bailleres et al. 2002; 
Poke & Raymond 2006). 
Bailleres et al. (2002) collected ground wood-meal samples from the best genotypes of hybridised 
eucalyptus full-sib family plantations in the Congo. These samples were then analysed to determine 
quantitative correlations among NIR spectra and extractive content, lignin composition, surface 
longitudinal growth strain and shrinkage in relation to prediction accuracy. The conclusion was 
made that NIR spectra could be utilised for predicting several major wood traits from wood-meal 
samples in eucalyptus breeding programs. Raymond & Schimleck (2002) developed and evaluated 
calibrations for predicting cellulose content in E. globulus using NIR spectra. After validating 
calibrations, cellulose content was predicted for the prediction set of samples, and the heritability of 
cellulose content was determined, together with the genetic correlations with tree diameter, basic 
density and predicted pulp yield. 
Schimleck et al. (2004) investigated the genetic gains in cellulose content of E. nitens by comparing 
cellulose content determined using wet chemistry with predicted NIR calibrations. The authors 
concluded that NIR-predicted cellulose content could be an ideal tool for tree breeding due to its 
strong relation to Kraft pulp yield. NIR-predicted cellulose content was also under strong genetic 
control, with heritability comparable to direct measures of cellulose. Significantly, genetic gains 
based on NIR-predicted cellulose content were high and a large proportion of the gain achievable 
using a direct measure of cellulose could be obtained using NIR predictions (Schimleck et al. 
2004).  
Important factors influencing wood properties 
Genetic and breeding effects 
Wood quality traits are increasingly becoming major selection criteria in tree breeding programs. 
Miranda & Pereira (2001) investigated the chemical composition and pulp yield of E. globulus for 
7-year-old trees from 37 provenances from subspecies globulus bicostata and maidenii, grown on 
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one site, and found that chemical composition and pulp yield varied with provenance and with 
subspecies. Likewise Miranda & Pereira (2002) examined the differences in basic wood density, 
fibre morphology, chemical composition and pulp yield among 4 provenances of E. globulus 
planted in experiments at three different sites at the age of 9 years. They concluded that 
provenances and sites did not significantly affect wood density but did affect fibre morphology, 
chemical composition and pulp yield. Zhang et al. (2003) reported the genetic relationships of 
selected wood properties with growth traits in a 3-year-old clonal hybrid poplar trial in Canada, that 
clonal effects are stronger than growth traits effects on wood density and initial moisture content. 
Similarly, Yu et al. (2008) used the same trials as Zhang et al. (2003) in southern Quebec, Canada 
to assess the variability in mechanical properties caused by genetic differences in hybrid poplars at 
10-year-old clonal trials. The materials included three hybrids and native Populus deltoides. 
Significant differences in mechanical properties were observed among hybrids and P. deltoides. 
The potential for breeding P. radiate with improved wood MOE was investigated (Dungey et al. 
2006) in two independent genetic trials. This study examined the effectiveness of early selection for 
stiffness and indirect selection on the component traits, and found that the genetic control of MfA, 
density and MOE was high in the core-wood and moderate in the outer-wood. Wood density is 
considered as one of the most important wood traits that affects the properties and value of fibrous 
and solid timber products. Pliura et al. (2007) evaluated wood density components of individual 
growth rings and growth traits in four 10- and 12-year-old clonal trials of four poplar hybrids and P. 
deltoides. The main results showed that the hybrid effect was highly significant for most properties 
and wood density was under strong genetic control. More recently, Tran et al. (2010) reported that 
the mean cellulose content of the fast-growing families was significantly greater than that of the 
slow growing families from a combined progeny test and seedling seed orchard of E. urophylla 
grown for 10 years in northern Vietnam. In contrast, lignin contents were not significantly different 
between fast and slow growing families. Wood basic density was found to be significantly different 
between groups (Tran et al. 2010). 
Growth rate, silvicultural and site condition impacts 
Any factor that changes the growth pattern of a tree could affect wood quality traits. Environmental 
factors as well as the influences of the trees on one another within forest stands may affect wood to 
a greater or lesser degree (Zobel & van Buijtenen 1989; Desch & Dinwoodie 1996). There has been 
a considerable number of studies on growth traits, silvicultural as well as environmental effects on 
wood properties.  
In softwood plantations, Antonova & Stasova (1993) investigated the impacts of mean day air 
temperature, maximum mean diurnal temperature and minimum mean nocturnal temperature, and 
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the precipitation on the number of xylem cells produced by the cambium, the extension growth and 
secondary thickening of these cells in the Scots pine stem. They concluded that temperature had the 
main influence on the biomass accumulation in cell walls. A similar study conducted by Antonova 
& Stasova (1997) on Larch stems that pointed out all the seasons temperature had the main effect 
on the initial divisions in the xylem, radial cell expansion and biomass accumulation; however, the 
level of such an effect on separate stages of cytogenesis were different. Dutilleul et al. (1998) 
analysed the effect of heavy thinning on the correlations among ring width, wood density and mean 
tracheids length using within and among-tree correlations on 20 fast-grown and 20 slow-grown 
Norway spruce trees from an even-aged plantation near Rendeux, Belgian Ardennes. They indicated 
that fast-grown spruces showed a strong negative correlation between ring width and fibre length 
within trees, and ring width and wood density relationship among trees depended on the year that a 
few years showed a significant correlation for the fast-grown Norway spruces, while the correlation 
was systematically negative and significant on many years for the slow-grown spruces. Downes et 
al. (2002) examined the effects of fertilizer treatments applied after mid-rotation thinning in 
P. radiata at 2 contrast sites, and found that fertilizer, in general, caused lower density, higher MfA 
and slightly lower stiffness.  
Nyakuengama et al. (2002) reported that wood density of thinned and mid-rotation P. radiata 
responded to different fertilizer treatments; fertilizer increased the proportion of wood formed in 
mid-rotation relative to juvenile wood thereby increasing tree density. However, density responses 
were significantly different between fertilizer treatments: fertilizers, other than nitrogen, lowered 
density compared to the control, and density was higher in nitrogen than phosphorus and similar 
between phosphorus and combined N and P. Similarly, Nyakuengama et al. (2003) studied the 
effects of nitrogen (N) and phosphorus (P) fertilizers on average fibre radial diameter, tangential 
diameter, wall thickness and number of fibres per unit area over 7 years of growth in P. radiata at 3 
sites. In general, compared to unfertilized control, N decreased and P increased fibre radial 
diameter, all fertilizer treatments decreased fibre wall thickness, and the largest decrease in density 
and fibre coarseness in the combined N and P treatment was explained mostly by thinner walls. The 
effect of vegetation control and annual fertilization on properties of loblolly pine wood at age 12 
has also investigated by (Clark et al. 2004). The results showed that annual ring earlywood specific 
gravity (SG) was not affected by vegetation control and annual fertilizer, but annual ring latewood 
SG was significant decreased. Additionally, vegetation control did not significantly affect SG, 
strength, stiffness, but annual fertilization alone or in combination with vegetation control 
significantly reduced strength and stiffness of juvenile wood (Clark et al. 2004). 
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In hardwood plantations, Clark et al. (1999) assessed the impacts of restricted water availability and 
high soil or water salinity on the growth and pulpwood properties of plantation grown eucalypts 
from South Australia. The results showed that reduced water availability resulted in reductions in 
Kraft pulp yield (KPY) and fibre length but increase wood density. Wimmer et al. (2002a) 
monitored daily radial growth of six-year-old E. nitens trees on a two hectare plantation in south 
eastern Tasmania using point dendrometers, under various irrigation regimes. This study showed 
that lower density was formed early in the growing season, and higher wood density later. Likewise, 
Wimmer et al. (2002b) conducted a similar study on MfA of E. nitens and found that irrigated trees 
resulted in higher MfA early in the growing season and lower MfA later in the growing season. In 
addition, cyclic drought of trees had an obvious relationship between MfA and soil water deficits, 
with MfA increasing in response to water stress release. The use of path analysis explained that 
temperature did not have any effects on MfA; wind speed was the only factor that impacted MfA 
directly; growth period length and growth rates were positively related to MfA. Downes et al. 
(2006) studied the effect of growth rate and irrigation on basic density and KPY of E. globulus and 
E. nitens at 8-year-old trees grown under two experimental treatments at a dry-land site in south-
eastern Tasmania, Australia. In this study a range of diameter classes was measured with both 
treatments: irrigated and exposed to water stress. The results showed that irrigated trees had 
significantly higher KPY and lower basic density but there were no significant differences in KPY 
and density across diameter classes. Furthermore, Drew et al.(2009) investigated the environmental 
determinants of wood properties variation in E. globulus in southern Tasmania, Australia. They 
reported that, in general, wood density, fibre radial diameter and MfA was sensitive to water 
availability, that wood density increased whereas fibre radial diameter decreased in response to 
reduced water availability. Together, temperature and soil matric potential explained about 60% of 
temporal variation in wood density. However MfA was not related to temperature but decreased 
with increasing water stress.   
Interaction between genetics, site conditions and silvicultural techniques 
Various studies have been published on how genetics and environmental factors as well as 
silvicultural management interact to affect wood properties. Lasserre et al. (2004) examined the 
influence of initial stocking and clone as well as their interaction on core-wood stiffness in a 11-
year-old P. radiata plantation. They found that although both stocking and clones had significantly 
affected stiffness, but found no interaction effect on stiffness. Likewise, Lasserre et al. (2005) 
assessed the influence of initial stand density and genetic population on core-wood dynamic 
stiffness of 11-year-old P. radiata in an experimental plantation in Canterbury, New Zealand. The 
results of this study were similar to Lasserre et al. (2004), in that stiffness was significantly 
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influenced by both planting density and genetic population; however, stiffness was not significantly 
influenced by the interaction among planting density and genetic population. Roth et al. (2007) 
studied on the effects of genotype, planting density and silviculture as well as their interaction on 
juvenile core-wood stiffness of a 6-year-old P. taeda plantation in northeast Florida. The authors 
indicated that planting density, genotype, silviculture and the three-way interaction all significantly 
affected stiffness and that tree slenderness (the ratio of height to diameter at breast height) was 
strongly related to stiffness with more slender trees being the stiffest.  
More recently, Lasserre et al. (2008) also investigated the influence of initial stocking, site and 
clone on MOE on P. radiata in Canterbury, New Zealand, and found that initial stocking and clone 
had a highly significantly effect on MOE. Also, there was a highly significant interaction between 
clone and site; however, the interaction between clone and initial stocking was relatively weak. In a 
further study, Lasserre et al. (2009) evaluated the effect of initial planting spacing and genotype on 
MfA, wood density, fibre properties and MOE in a P. radiata clonal plantation. In this study, 
relative to wide spacing, close initial stand spacing significantly reduced MfA and ring width but 
significantly increased dynamic of MOE, fibre lengh, latewood percentage and cell wall thickness. 
However, wood density and fibre width were not significantly influenced by planting spacing. 
Genotype had a significant influece on MfA, MOE and ring width. Several studies have recently 
focused on modelling the influence of environmental factors on MOE. Watt et al. (2006) had 
determined how site and fertiliser influence dynamic of MOE of the stem at tree base, and 
developed a predictive model of MOE for basal stem-wood for P. radiata. Overall, site had a highly 
significant effect on MOE but fertilisation had insignificant influence on MOE. Thirteen variables 
were significantly related to MOE, minimum temperature during early autumn and tree taper 
(slenderness) showed the strongest correlations with MOE, thence a multiple regression model with 
these two variables was developed and explained 75% of the variation in MOE. Furthermore, Watt 
et al. (2009) determined the influence of environment and competition from weeds on the dynamic 
of MOE of the lower stem base, and subsequently developed a predictive multiple regression model 
of MOE for basal stem-wood. The results were similar to Watt et al. (2006) in that both site and 
weed control had a highly significant effect on MOE, and a multiple regression model included 
stem taper, mean minimum air temperature in mid-autumn, T-min and net nitrogen mineralisation 
accounted for 86% of the variance in MOE. 
Summary 
Traditional measures of wood quality were costly and time-consuming, such that it was possible to 
only evaluate a limited number of samples. The development of NIR spectroscopy now offers a 
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quick, inexpensive method that can be used to determine the properties of large number of wood 
samples once models calibrating NIR spectra to physical wood properties have been developed. 
The application of NIR to predict wood properties has been widespread during last two decades. 
Many papers have reported the NIR technology is useful to determine information on multiple traits 
from single samples, including both chemical and physical properties of wood materials. 
Nevertheless, there are concerns that NIR requires calibration development each time it is used, and 
suspicion about the consistency, accuracy and precision when it is used to predict new species and 
new sites. To solve these problems, Downes et al. (2009) constructed and assessed a multisite and 
multispecies calibration model for the prediction of KPY in eucalypts, and demonstrated that 
multisite and multispecies calibration is feasible.  
The literature showed there are various factors that drive wood properties. Most studies focused on 
the influence of genetics, site conditions, silvicultural management as well as their interaction. 
High-resolution technologies have allowed the determination of physical and chemical wood 
property variation as well as covariance between them, and the influence of environmental and 
silvicultural events. Nonetheless, the literature on wood property variation is sometime confused 
and contradictory, particularly in addressing its correlation with growth rate (Dutilleul et al. 1998; 
Downes & Drew 2008). Cause and effect relationships have been increasingly focused on 
environmental factors related to wood properties based on software that modelled factors driving 
wood traits. In this process, many studies demonstrated the impact of site conditions and 
silvicultural management as well as their interaction on wood quality, especially on wood stiffness. 
Significantly, research on factors influencing wood properties can help to better match genotypes to 
sites, and to assist silvicultural decision-making. Therefore, further research on wood properties is 
required in outside the major plantation species such as P. radiata, P. taeda and E. globulus, 
particularly species that may have wood properties more suitable for the production of both solid 
wood and pulpwood.   
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CHAPTER 2: CHARACTERISATION OF SUBTROPICAL EUCALYPTS FOR 
PRODUCTIVITY AND WOOD QUALITY IN NORTH-EASTERN AUSTRALIA 
Abstract 
An extensive network of field trials established across the tropics of north-eastern Australia was 
used to characterise the productivity (using a volume index) and wood properties predicted (using 
near-infrared technology) of 20 hardwood taxa. Mixed statistical models were used to estimate 
variance components to determine the level of genetic control of each trial, and across site analyses 
were used to predict the performance of each taxon in each trial. Principal component and 
hierarchical clustering analyses were conducted, and bi-plots were constructed to assist with 
interpretation of the pattern in performance of each taxon across-sites. There were significant 
differences among taxa for productivity and wood properties in most trials, and of the 20 taxa 
assessed, Corymbia citriodora subsp. variegata and Eucalyptus dunnii frequently out-performed 
other taxa, demonstrating both high volume index and superior wood quality traits. Eucalyptus 
argophloia, E. longirostrata and E. cloeziana also performed well in terms of productivity, 
although their performance was not consistent across trials. The results presented in this study 
provide valuable insights of taxa performance across the diverse environments of north-eastern 
Australia that are suitable for establishment of hardwood plantations.  
2.1. Introduction      
Approximately 130,000 hectares of hardwood plantation forests have been established for industrial 
use in north-eastern Australia over the last 15 years (Australian Bureau of Agricultural and 
Resource Economics and Sciences [ABARES] 2011). However, this area of planted forests is 
relatively small in comparison to the hardwood plantation estate in southern Australia 
encompassing approximately 900,000 hectares (ABARES 2011). The principal obstacles to the 
expansion of the hardwood plantations in this region are: inadequate knowledge of suitable (high 
productivity and wood quality, and low risk) taxa for use across the variable environments, limited 
supply of genetically improved seed, a lack of information on growth rates, uncertainty of the risks 
associated with growing trees, and uncertainty of potential products and markets. To illustrate, in 
the early 2000s approximately 25,000 hectares of hardwood plantation failed because of poor 
matching of species to sites, drought, pest and disease problems and/or extreme weather events (Lee 
et al. 2010). Development of a sustainable industry based on hardwood plantations requires forest 
managers to have greater certainty that the species planted can provide a return on investment and 
that risk factors are manageable. Variability in climate, soils, pests and diseases complicates the 
allocation of hardwood taxa to specific environments in subtropical Australia. Empirical evidence 
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on the performance of taxa evaluated in trials established across the region will therefore facilitate 
better evaluation of investments in planted forests.  
Between 1990 and 2003 over 200 replicated taxa (species, subspecies, varieties and hybrids) trials 
were established on sites from the tropics of north Queensland to the subtropical regions of northern 
New South Wales. These trials have provided yield estimates across a wide range of environmental 
conditions experienced in regions where hardwood plantations may be a viable land use (Lee et al. 
2011; Brawner et al. 2013). A subset of 34 trials containing the most promising 20 taxa (hardwood 
species and hybrids) was selected for this study to assess growth and wood properties. These trials 
included taxa of interest for commercial hardwood plantations, had good connectivity of taxa 
across-trials, and the average survival was greater than 40% in each trial.  
Productivity and survival are key variables used to assess the suitability of taxa for plantation 
establishment. However, the quality of the wood produced is at least as important, given that certain 
specifications must be met to market the timber produced in these plantations. Further, the 
definition of forest productivity is also dependent on the intended use of the timber. The pulp and 
paper industry gauges productivity as the product of tree volume, wood density and pulp yield 
(Downes et al. 1997; Downes et al. 2009). On the other hand, to effectively use timber in the 
development of engineered wood products, physical and mechanical properties such as density and 
stiffness must also be considered. While studies assessing growth and survival of tropical and 
subtropical eucalypts are numerous (Hodge et al. 2002; Johnson et al. 2009; Lee et al. 2010; 
Brawner et al. 2013), the assessment of wood quality has often been postponed until much later in 
the evaluation process due to the need for destructive testing and the high cost of assessing wood 
traits.  
Variation of wood property traits between species and between genotypes within species, and in the 
consistency wood quality across sites has been noted (Zobel & van Buijtenen 1989). Nevertheless, 
selection in tree improvement programs has been infrequently guided by knowledge of wood 
properties as it has not been practical to rapidly and cost effectively assess wood properties on a 
large number of samples. Consequently improvement of tree volume, stem straightness, pest and/or 
disease resistance have typically been the primary focus of many breeding programs (So et al. 
2004).The development of near infrared (NIR) spectroscopy to estimate wood quality attributes 
(Meder et al. 2010b; Meder & Schimleck 2011),  provides a rapid, cost effective and non-
destructive method to assess the wood properties of standing trees (Schimleck et al. 2004; 
Schimleck 2008; Downes et al. 2010; Meder et al. 2011a). This paper used existing NIR calibration 
models (Downes et al. 2009; Meder et al. 2011a; Meder et al. 2011b; Meder & Schimleck 2011) to 
predict the wood properties of 13 of the promising taxa across 19 of the 33 trials assessed for 
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growth (giving a total number of 34 trials) with the overall aim of identifying taxa that have both 
superior growth and wood quality suitable for industrial use.              
2.2. Methods 
Assessment of field trials 
Growth data was collated for a subset of twenty hardwood taxa, either pure species or inter-specific 
hybrids, which were well represented in 33 trials established between 1992 and 2001. Based on this 
dataset, wood samples were collected from 19 of these trials to also assess the 13 taxa for wood 
quality traits (Table 2.1 & 2.2). The trials were selected using several criteria: trials were 10 ± 2 
years old; trials contained at least one of the key taxa (Corymbia citriodora subsp. citriodora, 
Corymbia citriodora subsp. variegata, C. henryi, Eucalyptus argophloia, E. crebra, E. cloeziana, 
E. longirostrata, E. pellita or E. siderophloia); the selected taxa were replicated at least twice in 
each trial; trials were well connected at the taxa level; and trials had mean survival levels over 40% 
and had not suffered significant external damage by pests, diseases or abiotic factors (e.g. wind 
damage). 
Each trial was established using a randomised complete block design with 2 to 4 replicates (Table 
2.1). Most trials had been managed (i.e. selective thinning) under a regime suitable for the 
production of solid wood products. The environmental conditions experienced by these trials varied 
widely, ranging from 20 to 940 m in altitude, 554 to 1907 mm in mean annual rainfall, 23.5 to 
30.8
o
C in mean annual maximum temperature, and 8.5 to 18.4
o
C in mean annual minimum 
temperature. The data used to compare productivity comprised 20 taxa, with the number of common 
taxa among trials varying from 5 to 15 (Appendix 2.1). Following an earlier analysis of growth and 
form by (Lee et al. 2011), taxa that had performed well were selected for wood quality sampling. 
Thirteen taxa (Table 2.2), typically represented by multiple provenances in these trials, were 
assessed using NIR to predict wood quality traits with the number of taxa sampled in each trial 
ranging from 3 to 8 (Appendix 2.2).   
Diameter at breast height over bark (DBH, cm) and tree height (H, m) measurements were used to 
calculate the conical volume of each tree (V, m
3
) as V = 1/3 × [3.14159 × (DBH/200)
2
] × H. To 
account for differences in the survival of each taxon within each trial, growth is presented as the 
product of tree volume (m
3
), plot survival (%) and the initial stocking (trees per hectare) in order to 
estimate volume per hectare (“volume index” hereafter). Since measurements were undertaken from 
eight to twelve years after planting, individual tree volumes were first adjusted to reflect expected 
productivity at 10-years-of-age by taking the product of the tree volume at assessment and the ratio 
of the assessment age to a target age of 10 years.  
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Table 2.1. Location, climatic and design details of all trials included in evaluation of 
productivity. 
Trial Location 
Region
/ET1 
Plant 
year 
Lat. 
(o)2 
Long. 
(o) 
Alt. 
(m) 
Rainfall 
(mm) 
Mean 
Temp. 
max. 
(oC) 
Mean 
Temp. 
min. (oC) 
No. of 
Rep. 
Plots/
Rep. 
No. of 
trees/ 
plot 
No. of 
taxa 
A West of Walkamin  1/ET2 2000 17.1 145.4 62 925 27.1 16.3 4 9 32 6 
B West of Mt Garnet  1/ET2 2001 17.9 145 400 725 27.6 15.2 4 8 40 9 
D 
Southwest of 
Sarina 
2/ET1 1999 21.6 149.1 210 1192 30.8 9.9 2 13 15 7 
E Sarina  2/ET1 1999 21 149 100 1907 27.2 17.4 4 7 20 6 
F West of Kuttabul  2/ET1 2001 21 148.9 45 1782 27.2 16.9 4 3 20 5 
G Stawell  3/ET2 1992 23.5 150.3 42 816 27.5 15.6 4 17 25 11 
H 
Northwest of 
Yeppoon  
3/ET1 2000 23 150.6 20 1392 26.5 17.6 3 19 16 6 
I 
Southwest of 
Yeppoon  
3/ET2 2000 23.2 150.7 60 1136 26.5 17 4 10 16 10 
J Tinana  4/ET1 1989 25.9 152.8 20 1195 26.4 14.6 2 10 24 8 
K 
South of Miriam 
Vale  
4/ET1 1999 24.5 151.6 62 1122 26.8 15.7 3 14 16 9 
L 
South of Miriam 
Vale  
4/ET2 2000 24.6 151.6 80 1227 26.9 15.5 3 28 32 12 
M 
West of Miriam 
Vale  
4/ET1 2001 24.4 151.5 90 1128 26.4 15.5 3 26 40 11 
O West of Imbil  4ET1 1999 26.5 152.6 90 1124 26.1 13.4 2 22 40 9 
P North of Gin Gin 4/ET2 2000 24.7 151.7 120 1010 26.9 15.3 2 34 21 12 
Q 
Southwest of 
Gayndah  
5/ET2 1998 25.7 151.4 185 701 28 13.4 3 34 21 9 
R Yarraman  5/ET2 1998 26.8 152 500 819 24.7 11.3 2 7 28 6 
S Memerambi 5/ET2 2000 26.4 151.9 500 765 25.3 18.4 3 13 40 9 
U Kingaroy  5/ET2 2000 26.6 151.9 540 795 24.3 10.9 4 13 45 8 
V Narayen 5/ET2 1992 25.7 150.9 240 670 27.4 13.1 4 17 25 10 
W Coolabunia 5/ET2 2001 26.6 151.9 400 790 24.5 11 3 30 20 15 
X South of Monto  5/ET2 1999 25.1 151.2 200 676 27.6 13 3 20 10 8 
Y 
Southwest of 
Monto  
5/ET2 1999 24.9 151.1 235 724 27.4 12.6 4 16 10 9 
Z 
Northwest of 
Monto 
5/ET2 1999 24.8 151 330 796 25.9 12 3 20 21 7 
A1 Lillydale 6/ET2 1999 27.5 152.3 180 797 26.7 12.9 3 22 28 10 
A2 Mary Smokes  6/ET1 2000 26.9 152.7 110 1216 25.2 13.6 3 18 40 7 
A3 South of Gatton  6/ET2 1998 27.7 152.3 200 872 23.6 11.2 4 12 21 5 
A4 
Southwest of 
Coominya  
6/ET1 1998 27.4 152.5 70 817 26.4 13.2 3 12 21 5 
A5 East Greenmount  6/ET2 2000 27.8 152 480 656 23.9 10.5 3 28 21 13 
A6 Morgan Park  7/ET2 1992 28.3 152 453 682 23.5 9.9 4 17 25 11 
A7 
West of 
Goondiwindi  
7/ET2 1992 28.1 149.9 196 554 26.9 12.6 4 17 25 10 
A9 Turkey  7/ET2 1999 28.5 151.9 940 791 20.6 8.5 2 22 21 10 
A10 North of Warwick  7/ET2 2000 28.1 152 480 662 23.6 10.1 2 26 21 9 
A11 near Kyogle  8/ET1 1999 28.6 153.1 235 1172 25.8 12.5 3 10 28 7 
1 Refer to the regions in Lee et al. (2011) and ET refers to the environment type used in Figure 2.5, 1 = North Tropical Coast and 
Tablelands; 2 = Central Coast – Whitsundays; 3 = Capricornia; 4 = Wide Bay and Burnett – coastal; 5 = Wide Bay and Burnett – 
inland; 6 = Southeast Coast; 7 = Darling Downs and Granite Belt; and 8 = Northern Rivers (New South Wales).  
2 Lat. = latitude; Long. = longitude; Alt. = elevation above sea level; Rainfall = mean annual rainfall; Temp. max. = mean annual 
maximum temperature; Temp. min. = mean annual minimum temperature; No. of Rep. = number of replications within trial; 
Plots/Rep. = number of plots within replication within trial; No. of trees/plot = number of trees per plot within trial at establishment; 
and No. of taxa = number of taxa included in each trial used in this study.  
 
Wood quality assessment 
Wood swarf samples were collected at approximately 1.3 m above ground using a 16 mm spade bit 
and a hand-held motorised drill. The samples were free of bark and collected to a depth of 
approximately 40 mm under bark. After collection of the wood samples, each hole was sterilised 
with methylated spirits and sealed to reduce the risk of any subsequent pathogen damage.  The 
swarf samples were placed in labelled paper bags and air-dried. The dried samples were later sifted 
to separate out wood fines that were then transferred into glass vials (45 × 22 × 20 mm in size) for 
collection of NIR spectra. 
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Wood traits including Kraft pulp yield (KPY, %), basic density (DEN, kg/m
3
), modulus of elasticity 
(MOE in giga-pascals, GPa) and microfibril angle (MfA in degrees) were estimated using existing 
NIR calibration models (Downes et al. 2009; Downes et al. 2010; Meder et al. 2010a; Meder et al. 
2011a). A total of 1460 wood samples, collected from five individuals of each taxon in each 
replicate of the 19 selected trials, were scanned to obtain spectra. NIR spectra were acquired on a 
Bruker MPA FT-NIR instrument (Bruker Optik, Ettlingen, Germany, www.bruker.com) with 
spectra between 4,000 and 10,000 cm
-1
 (ca. 700 – 2500 nm) obtained at an 8 cm-1 resolution. The 
spectra data were then imported into The Unscrambler X software (version 10.2, Camo Software, 
Oslo, Norway, www.camo.com) to predict the four wood traits.  Details of NIR calibration models 
are provided in Appendix 2.3. 
Table 2.2. Trials and taxa within each trial sampled for assessment of wood quality using 
NIR. 
Trial
1
 Taxa included
2
 No. of samples collected/taxa
3
 
Total No. 
samples 
D 1, 5, 7, 9 30, 8, 6, 4 48 
E 1, 2, 5, 7, 9, 12 10, 15, 20, 10, 10, 18 83 
F 1, 2, 5, 7, 12 5, 5, 10, 8, 20 48 
G 
1, 2, 3, 4, 6, 11, 
13 
10, 10, 10, 15, 10, 20, 10 85 
H 2, 7, 10, 12 15, 14, 15, 15 59 
I 2, 3, 12 15, 5, 15 35 
S 1, 2, 5, 7, 8 15, 30, 30, 15, 15 105 
V 
1, 2, 3, 4, 5, 6, 
11, 8 
10, 10, 10, 19, 9, 10, 19, 8 95 
W 2, 3, 5, 7, 10 15, 15, 12, 15, 15 72 
X 2, 3, 4, 10, 11 17, 14, 13, 6, 59 109 
Y 2, 3, 10, 11 30, 15, 10, 30 85 
Z 2, 3, 5, 10 50, 15, 15, 13 93 
A2 1, 2, 7, 10 30, 25, 30, 10 95 
A5 2, 3, 10, 11 20, 30, 30, 20 100 
A6 1, 2, 3, 6, 11, 13 8, 10, 10, 10, 20, 10 68 
A7 1, 2, 3, 6, 11, 13 9, 6, 10, 10, 20, 10 65 
A10 3, 7, 10 20, 10, 20 50 
A11 2, 7, 8, 9 30, 15, 15, 15 75 
A12 7, 8, 9 45, 30, 15 90  
Total     1460 
1Trial A12 not included in growth assessment. 
2Numbers indicate taxa included in the trial: 1 Corymbia citriodora subsp. citriodora (CCC); 2 Corymbia citriodora subsp. variegata 
(CCV); 3 Eucalyptus argophloia; 4  E. camaldulensis; 5  E. cloeziana; 6  E.crebra;  7 E. dunnii;  8 E. globulus subsp. globulus;  9 E. 
grandis;  10 E. longirostrata;  11  E. moluccana;  12  E. pellita; 13 E. tereticornis. 
3Numbers of samples collected for each taxon respectively. 
 
 
 
 
23 
 
Statistical analysis 
Tree level data were used in all analyses. Mixed models were used to estimate variance components 
for each trial using restricted maximum likelihood (REML, Patterson & Thompson 1971) and the 
average information (AI) algorithm  as implemented in Genstat version 16.0 (VSN International, 
Hemel, Hempstead, UK,www.vsni.co.uk). Firstly, a single trial analysis was conducted of each trait 
to provide estimates of trial means, genetic variance and residual variance. The across-trial analyses 
of each trait generated predictions of volume index and wood traits in each trial for each taxon. 
Single-trial analyses 
Individual trial mixed model analyses were performed to estimate both best linear unbiased 
estimators (BLUE, Henderson 1975) and single-trial variance parameters within the framework of a 
general linear mixed model: 
y = Xb + Zuu + Zss + e    (Equation [Eq] 2.1); 
where y was a n× 1 vector of trait observations for trial t, b was a w× 1 vector of unknown fixed 
effects (including the trial mean, incomplete block and replicate), X was n×w design matrix that 
related the observations to the fixed effects, u was a p×1 vector of unknown non-genetic random 
effects (plot within replication effects), Zu was a n×p vector that related the observations to the plot 
within replication effects, s was a m × 1 vector of unknown taxa random effects, Zs was a n ×m 
matrix that related the observations to these taxa effects, and e was vector of random residual terms. 
Models applied are similar to those used by Costa E Silva et al. (2009) and Hardner et al. (2010).  
The variance of y for trial t was estimated as: 
var(y) = ZuGuZu
/
 + ZsGsZs
/
 + R   (Eq. 2.2); 
where Gu was the p ×p variance-covariance matrix between the non-genetic random effects, Gs was 
m ×m variance-covariance matrix between taxa effects (with genetic variance component  𝜎 𝑔
2), and 
R was n ×n variance-covariance matrix between residual effects (with residual variance component 
𝜎 𝑟
2). Variance components estimated in the single-trial analyses were genetic variance (𝜎 𝑔
2) between 
taxa and residual variance (𝜎 𝑟
2) with the total variance (𝜎 𝑡
2) estimated as 𝜎 𝑡
2= 𝜎 𝑔
2+ 𝜎 𝑟
2 and the 
proportion of genetic variance to total variance estimated as 𝜎 𝑔
2/𝜎 𝑡
2.  
Across-trial analyses 
Across-trial analyses considered all individual tree data as a multi-environment trial (MET) data set 
comprised of I taxa, assessed in J trials, where the N × 1 response vector y, with N = IJ, consists of 
all observations sorted by taxa within environment. Eq. (2.1) was expanded to include genetic 
covariances among taxa in different trials. Trials (environments) were treated as fixed effects and 
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taxa by trial interactions were treated as random effects. The taxa by trial variance structure in Eq. 
(2.2) was extended to allow for the covariance among genetic effects (taxa) at different trials (Smith 
et al. 2005). The linear mixed model for across-trial analyses was as follow: 
y = Xb + Zuu + Zss + Zu×su×s + e    (Eq 2.3); 
wherey was a n× 1 vector of trait observations for trial t, b was a w× 1 vector of unknown fixed 
effects (including the trial mean, incomplete block and replicate), X was n×w design matrix that 
related the observations to the fixed effects, u was a p×1 vector of unknown non-genetic random 
effects (plot within replication effects), Zu was a n×p vector that related the observations to the plot 
within replication effects, s was a m × 1 vector of unknown taxa random effects, Zs was a n ×m 
matrix that related the observations to these taxa effects, u×s was p×m×1 vector of taxa by trials 
random interaction effects, Zu×s was a n×p×m matrix that related the observations to taxa by trials 
interaction effects, and e was vector of random residual terms. 
Structures for the taxa by trial variance-covariance matrix were defined using diagonal and factor 
analytic (FA) models following Hardner et al. (2010). The settings for the model parameters, 
generating symmetric covariance matrices C (Ci,j= Cj,i), were as follows: the models incorporating a 
diagonal matrix used Ci, i = θi, Ci, j = 0, i≠j whereas FA and FAequal  models with common variance 
(order = 1) used C = ΛΛ′ + Ψ, where Λ is an N rows × q matrix, order  = q, Ψi = ψi for I = 1...N 
rows. In FA and FAequal models, the vector of random taxa effects at each trial was modelled as 
the effect of each trial summarised by k orthogonal hypothetical factors (trial loadings), multiplied 
by a specific taxa effect for each factor (taxa scores) as described in the following model: 
f = (Λs Im) s + s    (Eq. 2.4); 
where Λs was a t×k matrix of factor loadings for each trial, s was a mk× 1 vector of taxa scores for 
each factor, and s was a mt× 1 vector of deviations of the effect of the m
th
 taxa in the t
th
 trial from 
that estimated by the factors. Taxa scores and trial deviations were assumed to be normally 
distributed with zero mean and variances Imt and Ψs Im respectively, where Ψs was a t×t diagonal 
matrix of specific variances for each trial. In the FA parameterisation, the variance-covariance 
matrix of taxa effects at each trial was modelled as: 
G = (ΛsΛs′ + Ψs)Im    (Eq. 2.5). 
To test the statistical significance of fixed effects, Wald statistics were utilised. The variance model 
C was assessed using an Akaike Information Criterion (AIC, Kelly et al. 2007), with the choice of 
models based on the ability to obtain REML convergence. The FA, FAequal and diagonal variance 
models were evaluated sequentially.  
  



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Pattern analysis 
A hierarchical cluster analysis facilitated grouping t trials into classes based on similarity in the 
performance of individual taxa. Starting with a set of t clusters or groups, each containing a single 
trial, clusters were successively merged into broader clusters based on their similarity until there 
was only one cluster containing all the trials. The Euclidean distance method, which uses the 
geometric distance between the points representing each pair of trials, was used to identify clusters 
(Genstat 16.0, www.vsni.co.uk).   
Principal component analysis was used to generate bi-plots that were used to visualise the pattern of 
taxa performance across trials. Bi-plots used in this study are presented as two-dimensional plots or 
maps of scores for the first two principal components (PCs), with the trial loadings also displayed 
on the same plot. The bi-plots were used to provide an indication of environmental preference of 
taxa and display most of the information relevant to genotype evaluation (Kempton 1984).  
An alternative bi-plot was used to differentiate taxa performance for the various traits assessed in 
these trials. Hierarchical clustering of all trials for volume index differentiated trials into two 
environment types (ET): ET1 contained primarily coastal trials and ET2 contained primarily inland 
trials (refer results). Therefore, average volume index was estimated for each taxon in ET1 and ET2 
separately and these two traits were combined with taxon estimates for KPY, DEN, MOE and MfA 
using predictions from the across trial analyses, generating a two-way table for taxa and traits 
(volume index in two environment types and four wood traits) that was then subject to principal 
component analysis as described above, and results presented using a bi-plot.  
2.3. Results 
Model fit 
A first order factor analytic (FA1) structure for the taxa by trial variance-covariance matrix was 
used for volume index, whereas reduced forms of the factor analytic model were selected for KPY, 
DEN and MfA fitting a common variance among trials (FA1equal) – refer Table 2.3. MOE was 
analysed using the most parsimonious diagonal (DIAG) variance model, as REML would not 
converge for more complex models (Table 2.3). These models were used to generate the two-way 
tables used for pattern analysis to describe the taxa by trial interactions.  
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Table 2.3. Models used for each trait to generate predictions of taxa effects in each trial. 
Trait
1 
Model fitted
2 
Parameters
3
 
Volume index FA1 66 
KPY FA1equal 38 
DEN FA1equal 38 
MOE DIAG 19 
MfA FA1equal 38 
1
Trait abbreviations: KPY = pulp yield, DEN = basic density; MOE = modulus of elasticity, and MfA = microfibril 
angle;  
2
DIAG = diagonal variance model; FA1 = factor analytic model order 1; FA1equal = factor analytic model order 1 with 
common variance; 
3
The number of parameters included in the genetic variance/covariance matrix. 
 
Results from analyses of volume index 
The parameters estimated for each trial in the individual trial analyses include average survival of 
species represented in each trial, trial mean, genetic variance (𝜎 𝑔
2), residual variance(𝜎 𝑟
2), total 
variance (𝜎 𝑡
2), and proportion of genetic variance to total variance; however, trial specific variance 
(Ψ) and factor loadings (Λ) were estimated from across-trial analysis (Table 2.4). The average 
survival of each trial ranged from 41.8% (trial D) to 96.8% (trial A3), with an overall mean survival 
of 72.6%. Differences between the mean volume index values were significant (p < 0.001) among 
trials with means varying from 12.2 at trial A6 to 104.6 at trial M, with a mean 10-year volume 
index across all trials of 43.8, which equates to an average mean annual increment (MAI) of 4.38 
m
3
 ha
-1
 y
-1
. Estimates of the ratio of genetic variance to total variance in each trial varied from 0.12 
to 0.82 (average 0.40), indicating variation among selected taxa accounted for less than half of the 
variation within a trial. 
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Table 2.4. Mean survival and volume index, contributions to variance and model parameters 
estimated in single-trial analyses of volume index (standard errors (SE) in parentheses). 
Trial Survival 
Volume 
Index 
𝜎 𝑔
2 𝜎 𝑟
2 𝜎 𝑡
2 𝜎 𝑔
2/𝜎 𝑡
2 Ψ  Λ 
A 54.7 (23.8) 22.7 (3.9) 77.0 (58.2) 223.2 (14.6) 300.2 0.26 0 0.24 (0.09) 
B 52.8 (28.9) 24.7 (4.8) 184.7 (105.3) 847.9 (49.7) 1032.6 0.18 0.10 (0.06) 0.05 (0.13) 
D 41.8 (29.6) 86.1 (25.5) 3808.0 (2635.0) 6751.0 (851.0) 10559 0.36 0.69 (0.44) 0.94 (0.68) 
E 50.8 (19.9) 101.8 (8.6) 265.0 (278.0) 5014.0 (533.0) 5279 0.05 0.21 (0.14) -0.03 (0.30) 
F 59.5 (19.3) 57.2 (13.1) 748.0 (605.0) 1808.0 (239.0) 2556 0.29 0.35 (0.27) -0.11 (0.49) 
G 85.4 (18.9) 26.1 (6.0) 368.7 (178.9) 189.7 (19.7) 558.4 0.66 0 0.22 (0.07) 
H 64.7 (23.7) 61.6 (11.3) 746.7 (458.4) 997.3 (66.9) 1744 0.43 0.02 (0.03) 0.72 (0.17) 
I 47.1 (26.1) 30.6 (9.0) 749.0 (376.9) 610.9 (58.1) 1359.9 0.55 0.07 (0.06) 0.63 (0.17) 
J 95.7 (9.1) 79.6 (7.4) 409.6 (236.4) 604.1 (65.7) 1013.7 0.40 0.15 (0.09) -0.01 (0.21) 
K 59.3 (28.0) 70.4 (14.4) 1669.0 (930.0) 5128.0 (379.0) 6797 0.25 0.76 (0.40) 0.77 (0.51) 
L 51.9 (28.4) 41.5 (4.8) 265.0 (119.0) 1166.0 (50.0) 1431 0.19 0.08 (0.04) 0.38 (0.13) 
M 73.2 (22) 104.6 (14.6) 2201.0 (1044.0) 6701.0 (242.0) 8902 0.25 1.20 (0.55) 0.55 (0.40) 
O 67.7 (26.4) 70.7 (19.8) 3389.0 (1758.0) 3809.0 (242.0) 7198 0.47 0.36 (0.18) 0.11 (0.34) 
P 70.3 (27.8) 37.8 (5.5) 328.3 (153.1) 563.8 (45.1) 892.1 0.37 0.02 (0.06) 0.18 (0.05) 
Q 87.4 (29.3) 23.7 (5.4) 204.8 (130.0) 298.0 (25.5) 502.8 0.41 0 0.15 (0.04) 
R 76.1 (13.4) 37.0 (6.3) 223.9 (151.8) 397.7 (44.5) 621.6 0.36 0.03 (0.03) 0.06 (0.11) 
S 89.5 (16.4) 43.1 (4.4) 165.2 (86.5) 347.5 (23.7) 512.7 0.32 0.02 (0.01) 0.06 (0.08) 
U 70.9 (34.4) 22.2 (2.6) 49.8 (27.7) 111.0 (7.2) 160.8 0.31 0 0.07 (0.03) 
V 72.7 (31.9) 17.8 (2.3) 48.8 (25.2) 86.5 (8.3) 135.3 0.36 0 0.06 (0.08) 
W 86.7 (21.9) 26.4 (2.7) 103.0 (42.5) 156.6 (11.9) 259.6 0.40 0 0.07 (0.04) 
X 82.7 (24.9) 26.2 (5.7) 235.4 (139.6) 445.0 (44.4) 680.4 0.35 0.03 (0.02) 0.14 (0.08) 
Y 95.1 (14.4) 42.9 (5.9) 276.1 (151.4) 389.4 (34.0) 665.5 0.41 0 0.22 (0.07) 
Z 86.5 (24.8) 26.7 (4.0) 98.3 (67.5) 242.7 (18.4) 341 0.29 0 0.11 (0.05) 
A1 58.4 (32.0) 19.2 (4.5) 188.1 (95.2) 244.0 (17.3) 432.1 0.44 0 0.16 (0.05) 
A2 89.4 (15.6) 69.0 (10.9) 807.0 (475.0) 1646.0 (82.0) 2453 0.33 0.20 (0.07) 0.17 (0.18) 
A3 96.8 (6.2) 20.3 (4.1) 75.6 (58.5) 574.2 (37.7) 649.8 0.12  0.13 (0.07) 
A4 85.3 (20.0) 67.0 (11.2) 588.0 (444.0) 1910.0 (161.0) 2498 0.24 0 0.37 (0.01) 
A5 78.1 (28.7) 16.3 (2.9) 104.4 (45.2) 114.2 (6.7) 218.6 0.48 0.05 (0.05) 0.12 (0.04) 
A6 83.2 ( 27.0) 12.2 (2.4) 60.6 (29.5) 60.3 (6.1) 120.9 0.50 0 0.07 (0.07) 
A7 73.2 (39.9) 12.6 (9.1) 399.3 (290.3) 88.1 (17.0) 487.4 0.82 0 0.11 (0.06) 
A9 63.7 (23.9) 24.0 (6.8) 424.1 (212.3) 473.7 (30.3) 897.8 0.47 0.17 (0.06) -0.23 (0.15) 
A10 80.4 (25.1) 21.3 (4.2) 139.9 (78.4) 233.7 (21.6) 373.6 0.37 0.05 (0.08) 0.14 (0.05) 
A11 66.5 (23.7) 101.2 (33.4) 7603.0 (4513.0) 10500.0 (634.0) 18103 0.42 4.16 (2.43) 0.89 (1.26) 
Note: Survival = average percentage survival of the studied taxa represented within the trial; Volume Index = average 
trial volume index standardised to age 10 years in m
3
/ha; 𝜎 𝑔
2 = genetic variance; 𝜎 𝑟
2 = residual variance; 𝜎 𝑡
2 = total 
variance; 𝜎 𝑔
2/𝜎 𝑡
2= proportion of genetic variance to total variance; Ψ = trial specific variance; and Λ = trial loadings for 
species variance. 
 
The across-trial analyses were used to generate predictions of volume index for each taxon in each 
trial, which was used to generate a 2-way table (taxa × trials) for clustering and principal 
component analyses. The hierarchical cluster analysis of trials on volume index based on similarity 
of taxa effects across trials (Figure 2.1) split trials into two main groups. The first group contains a 
total of 11 trials that are primarily on coastal sites (top half of Figure 2.1). The second group 
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contains the remaining 22 trials (bottom half of Figure 2.1), of which most are located on inland 
sites.  
 
Figure 2.1. Dendrogram from hierarchical clustering of volume index across 33 trials with 
ET1 and ET2 corresponding to the first split. (Codes for each trial are as detailed in Table 
2.1.) 
 
Similarities and differences in performance of each taxon for volume index across the trials are 
presented in Figure 2.2. This bi-plot of rotated trial loadings and taxa scores depicts the taxa by trial 
variance-covariance matrix and presents the performance of different taxa in each trial. While the 
first two principal components account for 81.35% of the variation in the two-way table of taxa-by-
trial estimates, the first principal component accounted for the large majority of this variation 
(73.17%) indicating relatively low levels of taxa by site interactions. 
The use of bi-plots to visually identify the highest performing taxa for each environment is well 
described by Kempton (1984). Taxa positioned furthest away from the bi-plot origin are connected 
with straight lines to form a vertex hull where all other taxa are contained within this vertex hull. 
The perpendicular lines (as shown in Fig. 2.2) originating from the bi-plot origin and passing 
through the edges of this vertex hull divide the bi-plot into sectors, with each sector identifying a 
taxon (the vertex taxon) that produced the highest yield for the environments that fall within that 
sector. The vertex taxa for volume index in this study were 2, 4, 15, 8, 10, 18 and 13 (i.e. CCV, E. 
argophloia, E. longirostrata, E. dunnii, E. grandis, E. pilularis and E. grandis x E. tereticornis 
respectively). These taxa were the most productive in certain sets of trials and identify either the 
29 
 
highest or lowest volume index in several or all of the trials. The Corymbia taxa performed well in 
these trials with CCV the most productive taxon in trials A, I and L. E. argophloia from the 
Adnataria section of the Symphyomyrtus subgenus, produced the greatest volume index in 18 trials 
(E, U, G, V, A6, A7, W, A3, A4, Y, Z, A10, A5, Q, A1, R, A, and F). The remaining eucalypts that 
were the most productive taxa in certain trials were from the Maidenaria section: E. longirostrata 
(15) in P, H and J, E. dunnii (18) in A11, A2, K, S, O and A9, E. grandis (10) in D and M. The 
other two taxa [E. pilularis (18) and a Symphyomyrtus hybrid (13)] formed the vertex hull on the 
left side of the bi-plot and were relatively unproductive and never achieved the highest productivity 
in any trial. Taxa with similar productivity patterns are evident with groups such as CH, E. 
cloeziana and E. moluccana (3, 6, and 16 respectively) or E. globulus subsp. maidenii, CCC, and E. 
grandis x E. resinnifera  (9, 1, and 12 respectively) performing similarly in many trials. The taxa E. 
tereticornis, E. camaldulensis, E. crebra, E. resinifera, E. grandis x E. camaldulensis (20, 5, 7, 19 
and 11 respectively) were unproductive and often among the poorest taxa examined in these trials. 
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Figure 2.2. Bi-plot of 10-year volume index with letters referring to trials described in Table 
2.1. The numbers refer to the following taxa: 1 Corymbia citriodora subsp. citriodora (CCC); 2 
Corymbia citriodora subsp. variegata (CCV); 3 C. henryi (CH); 4 Eucalyptus argophloia; 5 E. 
camaldulensis; 6 E. cloeziana; 7 E. crebra; 8 E. dunnii; 9 E. globulus subsp. maidenii; 10 E. 
grandis; 11 E. grandis x E. camaldulensis; 12 E. grandis x E. resinifera; 13 E. grandis x E. 
tereticornis; 14 E. grandis x E. urophylla; 15 E. longirostrata; 16 E. moluccana; 17 E. pellita; 18 
E. pilularis; 19 E. resinifera; 20 E. tereticornis. PC = principal Component. 
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Results from wood quality trait analyses 
The means and parameter estimates for all wood quality traits (Table 2.5), indicate significant 
differences (p < 0.001) among taxa means for all traits. Trial mean of KPY varied from 42.7% (trial 
V) to 49.7% (trial A11), with an overall average of 46.4% over all trials and taxa tested. DEN had a 
range of 633 kg/m
3
 (trial F) to 726 kg/m
3 
(trial A5), with a mean over all trials of 676 kg/m
3
. MOE 
and MfA trial means ranged from 15 GPa (trial A2) to 18.6 GPa (trial E), and 10.6 degrees (trial E) 
to 15.7 degrees (trial W) respectively, with an across trial average of 16.5 GPa and 13.4 degrees, 
respectively.  
There was more than a four-fold difference between the smallest (0.20) and the largest (0.85) ratio 
of genetic variance to total variance for KPY at age 10 years. This ratio was consistently high for 
KPY and averaged 0.61 over all trials. This was similar to what was found for density with the 
lowest and highest estimate of the proportion of genetic variance ranging from 0.17 to 0.82, with a 
mean estimate of 0.59 over all trials. In contrast, the ratio of genetic variance to total variance for 
MOE and MfA were smaller, varying from 0.06 to 0.61 and 0.04 to 0.84, with an average over all 
trials of 0.33 and 0.54, respectively. These results are summarised in Table 2.5, and in Figures 2.3 
and 2.4. 
The hierarchical clustering of wood traits (Figure 2.3) demonstrates the inconsistency among traits. 
Firstly, for KPY (Figure 2.3a), trials A10 and G were the most similar, and both were similar to 
trials I, W and X. These five trials were comparable to trials D, H and Z with decreasing levels of 
similarity. Trials A11, E, F, and Y were most comparable to each other than any other trials but they 
present as a disjunct series of trials as were trials A5, A6, A7 and V. The clustering of DEN (Figure 
2.3b) indicated trials A10 and V, A6 and W were the most similar, and taxa performance in these 
trials were comparable to trial A5. Trials A7, G, S, X and Y were similar to each other and 
dissimilar other trials as were trials A11 and E and trials A2, Z, F, H, I and D. The performance of 
taxa in terms of DEN in trial A12 was distinct from all other trials. The MOE cluster results (Figure 
2.3c) showed trials A10, A5 and S were similar and comparable to trials I, W, Z, V, A7 and A2 
while trials A11 and G, H and X were very similar and showed little difference to trials D, A6, Y 
and F. Finally, MfA (Figure 2.3d) showed a distinct profile with trials A6 and I showing the 
greatest similarities with a slight distinction from two sets of trials: Z, A7 and to S and V and A5, 
W and A10. A high degree of similarity was evident in trials A12, Y and X with little variation in 
taxa performance relative to trials P, H, G and A11.  
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Table 2.5. Estimated trial mean, genetic variance (𝝈 𝒈
𝟐), residual variance (𝝈 𝒓
𝟐), total genetic variance (𝝈 𝒕
𝟐) and proportion of genetic variance to 
total genetic variance (𝝈 𝒈
𝟐 /𝝈 𝒕
𝟐) by trial for Kraft pulp yield (KPY), basic density (DEN), modulus of elasticity (MOE) and microfibril angle 
(MfA). 
Trial 
KPY (%) DEN (kg/m3) MOE (GPa) MfA (degree) 
Mean 𝜎 𝑔
2 (SE) 𝜎 𝑟
2 (SE) 𝜎 𝑡
2 𝜎 𝑔
2/𝜎 𝑡
2 Mean 𝜎 𝑔
2 (SE) 𝜎 𝑟
2 (SE) 𝜎 𝑡
2 𝜎 𝑔
2/𝜎 𝑡
2 Mean 𝜎 𝑔
2 (SE) 𝜎 𝑟
2 (SE) 𝜎 𝑡
2 𝜎 𝑔
2/𝜎 𝑡
2 Mean 𝜎 𝑔
2 (SE) 𝜎 𝑟
2 (SE) 𝜎 𝑡
2 𝜎 𝑔
2/𝜎 𝑡
2 
D 47.7 6.71 (3.08) 2.08 (0.5) 8.79 0.76 628 2273 (1222) 1434 (349)  3707 0.61 17.2 3.35 (2.14) 4.54 (1.10) 7.89 0.42 11.2 2.82 (1.68) 2.78 (0.68) 5.60 0.50 
E 49.6 11.7 (4.4) 3.5 (0.61) 15.20 0.77 647 1519 (641) 1415 (246) 2934 0.52 18.6 3.83 (1.63) 3.66 (0.64) 7.49 0.51 10.6 8.1 (2.98) 1.81 (0.31) 9.91 0.82 
F 48.4 8.51 (4.46) 4.5 (1.03) 13.01 0.65 633 3194 (1633) 1230 (282) 4424 0.72 16.8 5.53 (3.13) 4.97 (1.14) 10.5 0.52 12.2 10.85 (5.4) 2.52 (0.57) 13.40 0.81 
G 45.0 18.71 (6.8) 3.28 (0.56) 21.99 0.85 690 2126 (829) 1082 (186) 3208 0.66 17.3 4.00 (1.61)  2.76 (0.47) 6.76 0.59 12.5 1.43 (0.63) 1.67 (0.29) 3.10 0.46 
H 47.2 18.42 (8.1) 3.61 (0.65) 22.03 0.84 640 3413 (1583) 1452 (300) 4865 0.70 16.3 1.07 (1.05) 6.43 (1.33) 7.50 0.14 12.5 4.54 (2.13) 2.20 (0.45) 6.74 0.67 
I 45.6 26.6 (16.1) 5.55 (1.54) 32.22 0.83 643 2249 (1451) 1247 (346) 3496 0.64 15.6 3.62 (2.66) 4.59 (1.27) 8.21 0.44 14.2 3.85 (2.64) 3.29 (0.91) 7.14 0.54 
S 47.1 1.16 (0.61) 3.61 (0.55) 4.77 0.24 694 1723 (622) 1211 (187) 2934 0.59 16.0 0.69 (0.33) 1.77 (0.27) 2.46 0.28 14.5 5.94 (1.95) 1.11 (0.17) 7.05 0.84 
V 42.7 16.89 (5.9) 6.24 (1.02) 23.13 0.73 703 1673 (635) 1330 (217) 3003 0.56 15.7 3.99 (1.47) 2.56 (0.42) 6.55 0.61 14.3 2.92 (1.08) 1.96 (0.32) 4.88 0.60 
W 45.6 3.65 (1.55) 2.09 (0.39) 5.74 0.64 705 2239 (951) 1308 (245) 3547 0.63 15.6 1.58 (1.0) 4.85 (0.91) 6.43 0.24 15.7 2.34 (1.04) 1.90 (0.36) 4.24 0.55 
X 46.3 10.03 (2.86 3.08 (0.49) 13.11 0.77 684 2383 (729) 1177 (190) 3560 0.67 16.4 1.43 (0.66) 4.31 (0.54) 5.74 0.24 13.4 1.02 (0.41) 1.87 (0.29) 2.89 0.35 
Y 49.3 3.19 (1.22) 2.3 (0.41) 5.49 0.58 689 867.3 (363) 990.5 (176.7) 1858 0.47 16.9 0.60 (0.50) 2.93 (0.52) 3.53 0.17 13.0 1.17 (0.51) 1.63 (0.29) 2.80 0.42 
Z 47.2 7.71 (2.51) 2.74 (0.46) 10.45 0.74 661 894 (357) 1121 (189) 2015 0.44 15.6 0.99 (0.58) 3.40 (0.57) 4.39 0.22 13.9 2.29 (0.8) 1.10 (0.19) 3.39 0.68 
A2 46.8 2.25 (1.02) 3.93 (0.64) 6.18 0.36 659 4589 (1623) 1385 (22.5) 5974 0.77 15.0 2.86 (1.19) 3.47 (0.56) 6.33 0.45 12.8 5.33 (1.89) 1.79 (0.29) 7.12 0.75 
A5 44.2 4.62 (1.73) 3.57 (0.56) 8.19 0.56 726 1290 (492) 1110 (175) 2400 0.54 15.7 1.0 0(0.7)  5.63 (0.89) 6.63 0.15 15.2 2.04 (0.8) 2.07 (0.33) 4.11 0.50 
A6 43.6 7.39 (3.26) 4.41 (0.85) 11.80 0.63 711 3716 (1522) 801.5 (154.2) 4518 0.82 16.7 2.75 (1.34) 3.14 (0.60) 5.89 0.46 14.1 1.46 (0.71) 1.65 (0.32) 3.11 0.47 
A7 43.7 7.35 (3.17) 3.41 (0.67) 10.76 0.68 697 3107 (1304) 993.7 (196.7) 4101 0.76 15.9 2.38 (1.21) 3.21 (0.63) 5.59 0.42 14.7 3.14 (1.41) 2.06 (0.41) 5.20 0.60 
A10 45.1 2.05 (1.22)  2.68 (0.6) 4.73 0.43 708 357 (279) 1129 (252) 1486 0.24 15.9 0.23 (0.61) 3.74 (0.79) 3.97 0.06 15.1 0.76 (0.5) 1.42 (0.32) 2.18 0.35 
A11 49.7 1.67 (0.86) 2.94 (0.54) 4.61 0.36 648 2839 (1196) 1610 (294) 4449 0.64 17.1 1.67 (1.05) 5.27 (0.96) 6.94 0.24 11.9 1.16 (0.65) 2.63 (0.48) 3.79 0.31 
A12 47.2 0.89 (0.57) 3.61 (0.6) 4.50 0.20 685 411 (291) 2063 (344) 2474 0.17 18.4 0.26 (0.38) 4.02 (0.63) 4.28 0.06 13.0 0.07 (0.14) 1.55 (0.26) 1.62 0.04 
Mean 46.6 8.40 3.53 11.90 0.61 676 2151 1268 3419 0.59 16.5 2.20 3.96 6.20 0.33 13.4 3.22 1.95 5.20 0.54 
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Figure 2.3. Dendrograms generated from hierarchical clustering of wood traits, to 
differentiate trials based on the similarity of the performance of individual taxon. (Letters 
(with/without numbers) refer to trials in Table 2.1. Figures (a), (b), (c) and (d) are for Kraft 
pulp yield (KPY), density (DEN), modulus of elasticity (MOE) and microfibril angle (MfA) as 
estimated using NIR spectroscopy.) 
 
In the bi-plots generated from the analyses of the two-way tables of taxa means obtained from the 
across-trial analyses of KPY, DEN, MOE and MfA (Figure 2.4), all trial loadings, with the 
exception of basic density in trial A12, are on the right hand side.  The first principal component 
explained over 90% of variation in these four wood properties of the 13 taxa across the 19 trials 
(Figure 2.4), indicating very low levels of taxa x site interaction for these wood properties, and 
hence no reason to subdivide into different environment types. Six of the twelve taxa evaluated for 
wood properties showed positive values across all four wood traits. Three taxa (CCC, CCV and E. 
molucana; labelled 1, 2 and 11 respectively) were superior in most of trials. For example, in the 
KPY plot (Figure 2.4a), there were six taxa E. argophloia, CCV, E. moluccana, E. longirostrata, E. 
tereticornis and E. pellita (3, 2, 11, 10, 13 and 12 respectively) which form the vertex hull; 
however, only CCV and E. moluccana had high pulp yields in all trials, with the exceptions of trials 
A2 and A12 where E. dunnii and E. globulus subsp. maidenii (7 and 8 respectively) had the largest 
values. CCC (taxon 1) also performed well in all trials in terms of KPY. Taxa such as E. 
(a) (b) 
(c) 
(d) 
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argophloia, E. cloeziana, E. longirostrata, E. crebra, E. grandis, E. camaldulensis, E. pellita and E. 
tereticornis (3, 5, 10, 6, 9, 4, 12 and 13 respectively) did not achieve the greatest KPY in any of the 
trials. For density, CCC, CCV and E. moluccana produced the highest values in all trials with the 
exception of trial A12 where E. cloeziana, E. dunnii and E. tereticornis (6, 7 and 13 respectively) 
had higher density. E. cloeziana (taxon 5) also produced high density wood in many trials. In term 
of MOE, CCV, E. moluccana, CCC again performed well with E. pellita and E. cloeziana (2, 11, 1, 
12 and 5) producing wood with greater stiffness. On the other hand, E. tereticornis, E. 
camaldulensis and E. dunnii (13, 4 and 7 respectively) did not perform well in terms of wood 
stiffness (MOE). Lastly, for MfA, either CCC or CCV (1 and 2) gave the highest (i.e. most 
undesirable) values in all trials, followed by E. argophloia and E. moluccana (3 and 11 
respectively). The lowest values were observed in E. cloeziana, E. pellita, E. crebra, E. tereticornis, 
E. camaldulensis and E. longirostrata (5, 12, 6, 13, 4 and 10 respectively) for all trials (Figure 
2.4d).   
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Figure 2.4. Bi-plots of pulp yield (KPY, a), density (DEN, b), modulus of elasticity (MOE, c) 
and microfibril angle (MfA, d). (Letters refer to trials as listed in Table 2.1 and numbers 
referring to taxa listed in Table 2.2. PC = principal component.) 
(d) 
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Relationship between taxa and traits 
When patterns of taxa performance for volume index in the two environment types and wood traits 
are examined together (Figure 2.5), over 76% of variation is accounted for by the first two principal 
components. Again, positive values for the loadings and scores imply greater values for each trait. 
Scores for taxa 1, 2 and 11 (CCC, CCV and E. moluccana) are located near all wood quality 
loadings, indicating that these taxa were generally superior in terms of wood properties. On the 
other hand, scores for taxa 2, 5, 7 and 10 (CCV, E. cloeziana, E. dunnii, and E. longirostrata) are 
the highest for volume index loadings, indicating these taxa were superior in terms of volume index 
in both environment types. In contrast, negative scores for taxa 4, 13, 6, 9 and 12 (E. 
camandulensis, E. tereticornis, E. crebra, E. grandis and E. pellita) indicate these taxa did not 
perform well in terms of growth or wood quality.  
 
Figure 2.5. Bi-plot depicting relationships between the average performance of taxa for each 
trait across trials. (VET1 and VET2 refer to mean volume index in environment types 1 and 
2. PY = Kraft pulp yield. DEN = density. MOE = modulus of elasticity. MfA = microfibril 
angle. Numbers refer to individual taxa as listed in Table 2.2. PC = principal component.) 
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2.4. Discussion 
This study summarises data from a large number of taxa considered to have promise for plantation 
forestry north-eastern Australia. The data is summarised to provide information on species 
productivity and wood quality to support more informed taxa selection decisions. The results will 
aid forest managers in developing an understanding of how stands of various eucalypts perform in 
north-eastern Australia over the first 10 years of a rotation. Information on the wood properties of 
the most promising taxa allows for the identification of taxa with wood quality attributes suitable 
for different industrial applications.  
For volume index, the most distinct group contained most of the trials that had been established in 
the coastal regions of Capricornia, Central Coast – Whitsunday, Northern Rivers, Southeast Coast, 
and Wide Bay and Burnett – Coastal, even though the trial locations separated north to south many 
degrees of latitude (Table 2.1). These trials were distinct from the inland trials in the Darling Downs 
and Granite Belt, North Tropical Coast and Tablelands, and Wide Bay and Burnett – Inland regions. 
Productivity as measured by the volume index in the coastal trials was typically much higher than 
that realised in the inland trials. Generally, the taxa that grew well were CCV, E. argophloia, E. 
dunnii, E. cloeziana and E. longirostrata. Taxa that performed relatively poorly or inconsistently 
were E. camaldulensis, E. crebra, E. grandis x E. camaldulensis, E. grandis x E. tereticornis, E. 
resinifera, E. grandis x E. urophylla, E. moluccana, E. pellita, E. pilularis and E. tereticornis across 
both coastal and inland sites. Specifically, CCV, E. argophloia, and E. longirostrata had higher 
volume production in the Capricornia, North Tropical Coast and Tablelands, Southeast Coast, and 
Wide Bay and Burnett Inland regions. Likewise, E. dunnii, in terms of volume index, was the best 
taxon in the Central Coast and Whitsunday, Darling Downs and Granite Belt, Northern Rivers, and 
Wide Bay and Burnett Coastal regions. Other taxa worthy of further consideration for specific site 
types are CCC, E. globulus subsp. maidenii and E. grandis. In terms of growth, these results 
suggest that CCV, E. argophloia, E. dunnii, E. cloeziana and E. longirostrata are suitable choices 
for certain site types examined in this trial network.   
For wood quality traits, CCC, CCV and E. moluccana were consistently the best taxa with high 
KPY, DEN and MOE in all trials.  However, these taxa also demonstrated higher MfA than other 
taxa tested with overall means of 15.8, 15.9 and 14.2 degrees. Notably, these values are lower than 
reported for E. globulus in southern Australia, (a mean MfA of 17.2 degrees; [Apiolaza et al. 
2005]). The other taxa with higher productivity E. argophloia, E. dunnii, E. grandis and E. 
longirostrata had relatively low KPY relative to CCC, CCV and E. moluccana. Thus, for multi-
purpose use, CCV appears to be a robust choice with high productivity, DEN and MOE for solid 
wood and high KPY for paper industry, this is consistent with findings of Lee et al. (2011) and 
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Brawner et al.(2012). Likewise, E. dunnii, with high growth and pulp yield is a promising taxon for 
plantation establishment on sites with higher site quality and rainfall.  
The performance of taxa across a highly unbalanced trial series was successfully estimated using 
factor analytic (FA) models for all traits with the exception of MOE (which was analysed using a 
diagonal model). FA models have recently been described as the most appropriate analytical 
approach for unbalanced data in multiple-site genetic evaluations (Smith et al. 2001; Costa E Silva 
et al. 2006; Kelly et al. 2007; Costa E Silva & Graudal 2008; Costa E Silva et al. 2009; Hardner et 
al. 2010). While literature on trial networks for growth traits of forest tree species is abundant 
elsewhere (Costa E Silva et al. 2006; Hardner et al. 2010; Brawner et al. 2013), those that include 
wood properties are very limited. The results presented in this study arise from FA 
parameterisations to model the covariance structure for each trait and demonstrated REML 
algorithms are suitable. This study demonstrates the large heterogeneity in genetic variance, total 
variance and the ratio of genetic variance to total variance for all examined traits. While genetic 
evaluations in forestry usually investigate genetic parameters at family or provenance and 
genotypes within family and provenance levels (Costa E Silva et al. 2006; Dieters & Brawner 2007; 
Costa E Silva & Graudal 2008; Costa E Silva et al. 2009; Hardner et al. 2010; Brawner et al. 2011), 
our study applied a similar concept at taxa level.  
Variation in wood properties of taxa across trials 
After volume, processors of solid wood products consider MOE and DEN to be the most important 
traits, whereas KPY and DEN are more important wood traits for pulpwood industry. In addition, 
there is evidence that MfA is at least as important as density for the estimation of wood stiffness 
(Evans & Ilic 2001). Although high density wood is generally desired for the pulp and paper 
industry due to improved digester productivity and reduced transport costs per tonne of pulp 
produced, paper quality can be negatively impacted if wood density becomes excessive (Downes et 
al. 1997). This study found that the performance of taxa differed significantly for inherent wood 
property characteristics. The highest estimated wood density was observed for CCC, CCV and 
E. moluccana in 17 of 19 trials. These taxa showed the most consistent wood density across trials, 
ranging from 717 to 795 kg/m
3
 for CCC, 716 to 797 kg/m
3
 for CCV and 708 to 783 kg/m
3 
for 
E. moluccana respectively. While this is generally positive, wood density at this level may be above 
the ideal range for Kraft pulping (Gardner et al. 2007). The remaining taxa showed high levels of 
variation across trials, and had relatively lower wood density than the aforementioned three taxa. 
For example, wood density of four E. argophloia, E. cloeziana, E. dunnii and E. longirostrata 
ranged from 636 to 731 kg/m
3
, 651 to 756 kg/m
3
, 583 to 704 kg/m
3
 and 612 to 709 kg/m
3
 
respectively. Estimated wood density for some taxa (e.g. CCC, E. longirostrata and E. tereticornis) 
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assessed in this study was higher than that previously reported in Gardner et al. (2007) and similar 
to that reported for CCV (Brawner et al. 2012). Variation in wood density is often associated with 
growth rates; i.e. higher wood density is typically associated with slower growth (Desch & 
Dinwoodie 1996; Downes et al. 1997). As demonstrated in these and other trials, environmental 
conditions strongly influenced wood density (Pliura et al. 2007; Downes & Drew 2008).  
Estimated KPY also varied between taxa across trials with CCC, CCV and E. moluccana out-
performing other taxa at all trials, ranging from 45.9 to 53.6% for CCC, 46.4 to 54.2% for CCV and 
47.4 to 54.2% for E. moluccana. High estimated KPY was also observed for E. dunnii and 
E. globulus subsp. maidenii, with means of 44.6 to 50.6% and 44.8 to 51.3%, respectively. Other 
taxa showed relatively poorer KPY and higher levels of variation across trials.  
Although MOE and MfA are not important properties for pulp production, they are closely linked to 
solid wood end-product performance (Desch & Dinwoodie 1996). For sawlog production, wood 
with high MOE and low MfA is desirable because MOE is a measure of stiffness, and lower 
microfibril angles increase fibre tensile strength and tensile modulus (Downes et al. 1997). Findings 
of the current study do not support this as CCC, CCV, E. moluccana and E. pellita had greater 
MOE than average across sampled trials, ranging from 16.0 to 20.0 GPa, 16.2 to 20.2 GPa, 16.7 to 
20.1 GPa and 15.0 to 20.4 GPa, respectively. In contrast, MfA of CCC, CCV and E. moluccana was 
the highest across trials, varying from 12.6 to 18.2 degrees, 13.1 to 18.3 degrees and 11.5 to 16.4 
degrees, respectively. In these subtropical eucalypts, higher MfA is associated with higher MOE. 
Implications for tree species selections in north-eastern Australia 
In order to develop a sustainable commercial hardwood plantation industry in north-eastern 
Australia, considerable research has been focused upon testing eucalyptus taxa suitability for the 
plantation forest industry within this region (Lee et al. 2010; Listyanto et al. 2010; Nichols et al. 
2010; Lee et al. 2011) resulting in a large number of species/provenance elimination trials across 
the region. While it is essential to match species to sites, it may be even more important to know if a 
species with superior wood quality can be grown across a wide range of sites. This study found that 
CCV performed well in terms of volume index and that its wood quality traits were generally better 
than that of other taxa in these trials. While taxa such as E. dunnii, E. argophloia, E. longirostrata 
and E. cloeziana often grew faster, their wood properties were not as good as CCV. Nevertheless, 
each taxon of these five superior taxa may be important due to their differences in adaptability to 
specific site conditions. These findings are generally consistent with Lee et al. (2011) who reported 
that, based on growth, insect borer resistance and wood properties, CCV, CCV hybrids, 
E. cloeziana, E. longirostrata, and E. argophloia were recommended for inclusion in on-going tree 
improvement programs in north-eastern Australia. The growth of E. camaldulensis, E. crebra, 
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E. grandis x E. camaldulensis, E. grandis x E. tereticornis, E. resinifera, E. grandis x E. urophylla, 
E. moluccana, E. pellita, E. pilularis and E. tereticornis were poor at most sites, making these taxa 
unattractive for further testing or deployment in a plantation industry in north-eastern Australia.  
2.5. Conclusions 
A range of eucalypts planted in a trial network across north-eastern Australia was studied for both 
growth and wood quality traits. The performance of taxa in terms of volume index, KPY, DEN, 
MfA and MOE was evaluated using mixed models that produced predictions for each species in 
each trial, which were useful to analyse patterns in taxa performance. The results indicated CCV 
and E. dunnii were the most promising taxa for distinct site types in the region as these taxa can 
provide both high volume production and superior wood quality. E. argophloia, E. longirostrata 
and E. cloeziana also performed well due to their high volume index. Given the performance of 
CCV in term of wood properties, this taxon merits further intensive investigation. The results 
presented here are useful to forest managers for selecting taxa for reforestation in north-eastern 
Australia. 
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Appendices 
Appendix 2.1. Number of taxa across trials for volume index assessment. 
 
Note: The diagonal elements (bold) refer to the number of studied taxa in each trial, and the off-diagonal elements are 
the number of common taxa across trials. 
  
A B D E F G H I J K L M O P Q R S U V W X Y Z A1 A2 A3 A4 A5 A6 A7 A9 A10 A11
A 6 6 3 3 3 5 2 3 2 4 4 3 5 5 3 3 4 1 5 4 4 4 3 3 3 2 2 4 5 3 3 2 2
B 9 4 3 3 7 2 5 3 5 5 4 5 6 4 3 5 3 7 6 6 7 4 4 4 4 3 7 7 4 5 4 3
D 7 4 3 4 3 4 4 6 6 4 5 5 3 2 5 4 3 5 3 3 3 5 4 1 1 6 4 1 4 3 4
E 6 5 5 4 4 5 4 6 3 4 5 3 2 4 1 4 5 2 1 4 4 3 1 1 4 5 3 3 1 3
F 5 5 3 3 4 3 5 2 3 4 3 2 4 1 4 4 2 1 4 3 3 1 1 4 5 2 2 1 2
G 11 4 5 5 4 6 3 5 7 4 2 4 3 4 7 6 5 5 4 4 4 3 8 11 5 6 5 2
H 6 4 4 4 5 3 4 5 3 1 2 3 3 4 3 3 3 6 4 3 3 4 4 1 4 3 3
I 10 5 6 8 5 6 5 5 4 6 5 4 7 4 6 3 7 3 2 2 6 5 4 6 5 6
J 8 4 6 4 5 5 2 2 4 2 3 6 1 2 3 5 3 1 1 4 5 2 3 1 4
K 9 7 7 6 6 6 3 7 5 3 7 4 5 3 8 5 2 2 7 4 2 6 4 7
L 12 8 6 5 6 5 8 5 5 10 4 5 5 8 5 2 2 8 6 3 4 4 6
M 11 5 7 7 4 6 4 3 10 4 5 4 7 5 2 3 6 3 2 5 3 6
O 9 7 4 4 5 3 4 7 4 5 3 6 3 2 2 5 5 2 6 4 5
P 12 7 3 5 5 6 10 6 5 7 6 6 4 5 8 7 4 8 6 4
Q 9 3 6 5 3 9 5 4 6 6 5 3 4 7 4 3 6 5 5
R 6 5 2 2 6 2 3 3 3 1 1 2 4 2 1 3 2 3
S 9 5 3 8 3 4 4 6 5 1 1 8 4 5 4 4 6
U 8 2 6 4 5 3 6 5 3 3 8 3 1 5 7 4
V 10 6 6 5 4 3 3 3 3 7 10 5 5 4 1
W 15 6 6 7 7 5 4 4 10 7 3 8 7 6
X 8 7 4 4 4 5 4 7 6 3 6 6 2
Y 9 3 6 4 5 4 7 5 3 6 6 4
Z 7 3 4 3 3 6 5 3 4 3 2
A1 10 6 3 3 7 4 2 6 5 7
A2 7 3 3 7 4 2 4 4 4
A3 5 4 5 4 2 4 4 1
A4 5 4 3 2 4 3 1
A5 13 8 3 7 8 5
A6 11 5 6 5 2
A7 5 3 2 1
A9 10 7 5
A10 9 3
A11 7
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Appendix 2.2. Number of taxa across trials for wood quality assessment. 
  A10 A11 A12 A2 A5 A6 A7 D E F G H I S V W X Y Z 
A10 3 1 1 2 2 1 1 1 1 1 1 2 1 1 1 3 2 2 2 
A11   4 3 1 1 1 1 2 3 2 1 2 1 3 1 2 1 1 1 
A12     3 1 0 0 0 2 2 1 0 1 0 2 0 1 0 0 0 
A2       4 2 2 2 1 3 3 2 3 1 3 2 3 2 2 2 
A5         4 3 3 0 1 1 3 2 2 1 3 3 4 4 3 
A6           6 6 1 2 2 6 1 2 2 6 2 3 3 2 
A7             6 1 2 2 6 1 2 2 6 2 3 3 2 
D               4 4 3 1 1 0 3 2 2 0 0 1 
E                 6 5 2 3 2 4 3 3 1 1 2 
F                   5 2 3 2 4 3 3 1 1 2 
G                     7 1 2 2 7 2 4 3 2 
H                       4 2 2 1 3 2 2 2 
I                         3 1 2 2 2 2 2 
S                           5 3 3 1 1 2 
V                             8 3 4 3 3 
W                               5 3 3 4 
X                                 5 4 3 
Y                                   4 3 
Z                                     4 
Note: The diagonal elements (bold) refer to the number of studied taxa in each trial, and the off-diagonal elements are 
the number of common taxa across trials. 
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Appendix 2.3. The calibration statistics for the near infrared (NIR) calibration models used in 
the prediction of Kraft pulp yield (KPY), density (DEN), modulus of elasticity (MOE) and 
microfibril angle (MfA). 
Trait 𝑹𝑪
𝟐 RMSEC RMSEV No. of 
factors 
Outliers 
excluded 
Treatment 𝑹𝑷
𝟐  RMSEP SEP Reference 
KPY 
(%) 
0.94 2.1 2.1 5 24 Second 
derivative 
0.80 2.1 2.1 (Meder et al. 
2011a) 
DEN 
(kg/m
3
) 
0.64 47 49 7 27 Second 
derivative 
0.61 49 49 Unpublished 
data 
MOE 
(GPa) 
0.78 2.2 2.3 5 75 Second 
derivative 
0.77 2.2 2.3 Unpublished 
data 
MFA 
(degree) 
0.65 2.2 2.3 5 10 Second 
derivative 
0.63 2.2 2.2 Unpublished 
data 
Note: 𝑅𝐶
2 = coefficient of determination for the calibration model; RMSEC = root mean square error of calibration; 
RMSEV = root mean square error of cross validation; No. of factors = number of factors used in NIR model 
development; 𝑅𝑃
2  = coefficient of determination for the prediction; RMSEP = root mean square error of prediction; and 
SEP = standard error of predicted residuals. 
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CHAPTER 3: GENETIC VARIATION IN GROWTH AND WOOD QUALITY TRAITS OF 
CORYMBIA CITRIODORA SUBSP. VARIEGATA ACROSS THREE SITES IN 
SOUTHEAST QUEENSLAND, AUSTRALIA 
Abstract 
Ten growth or wood-quality traits were assessed in three nearby Corymbia citriodora subsp. 
variegata (CCV) open-pollinated family within provenance trials (18 provenances represented by a 
total of 374 families) to provide information for the development of a breeding program targeting 
both pulp and solid-wood products. Growth traits (diameter at breast high over bark [DBH], height 
and conical volume) were assessed at 3 and 7 years of age. Wood-quality traits (density [DEN], 
Kraft pulp yield [KPY], modulus of elasticity [MOE] and microfibril angle [MfA]) were assayed 
using near infrared spectroscopy on wood samples collected from these trials when aged between 
10 and 12 years. The high average KPY, DEN and MOE, and low average MfA observed indicates 
CCV is very suitable for both pulp and timber products. All traits were under moderate to strong 
genetic control. In across-trial analyses, high (> 0.4) heritability estimates were found for height, 
DEN, MOE and MfA, while moderate heritability estimates (0.24 to 0.34) were found for DBH, 
volume and KPY. Most traits showed very low levels of genotype by site interaction. Estimated 
age-age genetic correlations for growth traits were strong at both the family (0.97) and provenance 
(0.99) levels. Relationships among traits (additive genetic correlations) were favourable, with strong 
and positive estimates between growth traits (0.84 to 0.98), moderate and positive values between 
growth and wood-quality traits (0.32 to 0.68), moderate and positive between KPY and MOE 
(0.64), and high and positive between DEN and MOE (0.82). However, negative (but favourable) 
correlations were detected among MfA and all other evaluated traits (-0.31 to -0.96). These results 
indicate that the simultaneous genetic improvement of growth and wood property traits in CCV for 
the target environment in southeast Queensland will be possible, given the moderate to high 
estimates of heritability, favourable correlations amongst all traits studied and the absence of 
genotype by site interactions. 
3.1. Introduction 
There is increasing interest in developing planted forests for producing timber from native 
hardwood species in Australia. Of the species that have performed well in species elimination trials 
established in the northeast of Australia, Corymbia citriodora subsp. variegata (CCV, commonly 
known as spotted gum) has proven to be well adapted to the relatively low-productivity land that is 
currently available for commercial forestry in the sub-tropics of Queensland and New South Wales 
(Lee et al. 2011; Brawner et al. 2013). CCV has a wide natural distribution ranging from Carnarvon 
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Gorge east to Maryborough in Queensland and then extending south along the coast into New South 
Wales to the upper Nymboida River (Figure 3.1), where it can be found growing on a wide range of 
soils but mainly on valley slopes and ridges (Clarke et al. 2009). Recently, it was reported that the 
species is distributed as far as south of Yarrat State Forest, approximately 10 km north of Taree in 
New South Wales (Shepherd et al. 2012). Although initial growth is relatively slow compared to 
many eucalypts, CCV maintains its early growth rate and can withstand or recover quickly from 
difficult environmental conditions such that post-planting survival is typically high (Clarke et al. 
2009). Further, the sawn timber of CCV attracts a price premium in Australia, and is also suitable 
for pulpwood products (Lee et al. 2011; Brawner et al. 2012). Genetic improvement of CCV for 
both pulp and solid-wood products in north-eastern Australia is being undertaken to improve the 
growth and wood properties in order to support the development of economically viable plantation 
forestry in this region (Lee 2007; Smith et al. 2007; Brawner et al. 2012). 
Near infrared spectroscopy (NIR) technologies have been developed to evaluate various wood 
properties (Tsuchikawa 2007; Schimleck 2008). NIR allows efficient assessment of wood properties 
within tree improvement programs (Schimleck 2008), and NIR was used in this study to determine 
the wood properties of samples collected from three CCV family within provenance trials 
established in Queensland. The wood properties predicted from the NIR spectra were Kraft pulp 
yield (KPY), basic density (DEN), modulus of elasticity (MOE) and microfibril angle (MfA). Pulp 
yield is the most important factor for the pulp and paper-making industry, with small changes in this 
property having large impacts on profitability (Downes et al. 2009). Pulp yield has therefore 
become an important trait for many tree breeding programs (Greaves et al. 1997; Schimleck et al. 
1999) and NIR provides a way to assess this trait inexpensively and rapidly using samples taken in 
a non-destructive manner from standing trees. Likewise, density is one of the most important 
physical properties of industrial wood (Forest Product Laboratory 2010) because it is an excellent 
predictor of strength, stiffness and hardness as well as paper-making capacities (Schimleck et al. 
1999). MOE is a constant characterising a piece of wood (Desch & Dinwoodie 1996) that is 
associated with wood stiffness and other mechanical properties of wood. Wood stiffness 
(longitudinal modulus of elasticity) is an important wood property for solid-timber applications, 
being directly related to the compression and torsion resistance of the timber (Desch & Dinwoodie 
1996). MOE has a strong linear relationship with MfA (Evans & Ilic 2001), a cellular trait that can 
impact the strength of fibres where steeper (i.e. smaller) angles increase fibre tensile strength and 
tensile modulus (Downes et al. 1997). MfA has a major effect on wood quality and stability (Zobel 
& Jett 1995). While KPY and DEN of eucalypts have been a focus of several studies (e.g. Gardner 
et al. 2007; Lee et al. 2011; Brawner et al. 2012), little has been published for either MOE or MfA.  
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Lee (2007), Lee et al. (2009), Johnson et al. (2009) and Brawner et al. (2011 and 2012) have 
reported on tree-improvement activities and genetic control of key traits in the spotted gums. Lee et 
al. (2009) presented heritability estimates based on male and female parents across two sites at six 
years of age for tree height and diameter at breast height, and showed insights regarding the choice 
of a future hybrid breeding strategy for CCV. Brawner et al. (2011) assessed the growth and 
damage from Quambalaria pitereka (a fungal pathogen) around 1 year after planting for a series of 
seven progeny trials of CCV. The current study used data from three progeny trials that also 
featured in the studies of Brawner et al. (2011, 2012). The work of Brawner et al. (2012) is 
extended through the inclusion of data from additional growth or wood-property traits. Further, here 
we have assessed a wider range of provenances (18) and more families (within each of these 
provenances) for wood-quality traits, compared with the Brawner et al. (2012) study. The objectives 
of the present study were to: compare growth (DBH, tree height and volume at three and seven 
years of age) and wood quality (KPY, DEN, MOE and MfA) of CCV provenances; estimate genetic 
parameters for all examined traits to compare the degree of genetic variation among families (within 
provenance) and among provenances; and, examine the genetic correlations among growth and 
wood quality traits so that the potential impacts of multi-trait selection may be better understood.   
3.2. Materials and methods 
Materials, study sites and trial assessments 
Data and wood samples used in this study were collected from three open-pollinated provenance 
trials of CCV (Table 3.1), established between 1999 and 2002 in southeast Queensland, Australia 
(Figure 3.1). Descriptions of seed collection and the early performance of provenances within these 
trials have been provided by Brawner et al. (2011, 2012). These trials were established both to 
evaluate provenances and maternal families within provenance, and to provide a source of improved 
seed through the progressive conversion of these trials into seedling seed orchards (Lee 2007). Trial 
451C was first systematically and then later selectively thinned to retain the best trees within each 
incomplete block. Trial 451G was only systematically thinned within each family line plot: initial 
thinning at age 3, with 2 trees thinned per 4 tree line-plot; second thinning at age 7, one tree 
removed to leave 1 tree per plot. There was no thinning in trial 451D prior to assessment (thinned 
occurred only after assessment). The trials differ in the families represented within provenances, 
incomplete block size, stocking and the number of individuals planted in each family line plot 
(Table 3.1). The connectivity of provenances and families within provenances among trial-pairs 
ranged from 7 to 11 and 23 to 71 respectively for growth traits, and from 4 to 7 and 16 to 53 for 
wood traits (Table 3.2). 
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Diameter at breast height over bark (DBH, cm) and total height (H, m) were measured for all 
surviving stems at two ages. DBH and H were used to calculate conical tree volume (V, dm
3
). The 
average age of measurement for growth traits were 3.08 and 7.12 years and hereafter these are 
referred to as trait-3 and trait-7; for example, D3 would represent DBH at three years old. Wood 
swarf samples were collected for 123, 1221 and 568 stems at 12, 11 and 10 years after planting in 
trials 451C, 451D and 451G, respectively. NIR data obtained from wood samples collected from 
four provenances reported in Brawner et al. (2012) were provided and re-used by this study. The 
rest of samples of all other fourteen provenances were collected and scanned through a NIR 
instrument (Bruker MPA, Optik. Ettlingen, Germany) to acquire full-range NIR spectra used to 
predict wood properties by the current study. Wood samples collected, assessment traits, NIR 
spectroscopy used to predict wood properties and NIR calibration model development were the 
same procedure as detailed in Chapter 2. 
Table 3.1. Descriptions of the three progeny trials of Corymbia citriodora subsp. variegata. 
Description 451C 451D 451G 
Planting year 1999 2000 2002 
Latitude (°S) 25
°
46´30´´ 25
°
45´45´´ 25
°
40´24´´ 
Longitude (°E) 152
°
38´ 152
°
40´30´´ 152
°
31´22´´ 
Altitude (m asl) 65 40 60 
Mean annual rainfall 
(mm) 
1295 1295 1000 
Experimental area 
(ha) 
1.9595 10.75 2.89 
Stocking (stems/ha) 1111 1000 1111 
Design
1 
ICB (20) ICB (147) ICB (60) 
Replication
2 
6; 760 (2) 7; 1764 (4) 6; 720 (4) 
Spacing (m) 5 x 1.8 5 x 2 5 x 1.8 
Age of assessment
3
 
(year old) 
2.6; 7.8 (12) 3.05; 6.17 (11) 3.6; 7.4 (10) 
Material assessed
4
 12 (120); 4 (43) 13 (241); 13 (241) 11 (137); 11 (132) 
Total stems assessed 
for wood quality 
123 1221 568 
Total stems assessed 
for growth
5 
1264; 324 6443; 6279 2436; 1346 
Thinning
6 
34 (51) No thin (90) 50 (48) 
Range of stems for 
each family
7 
4 – 18 (11); 1 – 6 (3) 18 – 50 (26); 1 – 14 (5) 12 – 22 (18); 1 – 10 (4) 
1
 Incomplete Block (ICB) followed by number of replicates in the parentheses. 
2
 Number of replications and number of tree-line plots followed by number of trees per plot in the parentheses. 
3
 Age of assessment for growth traits followed by age of assessment for wood traits in parentheses. 
4
 Number of provenances followed by number of families in parentheses for growth and wood traits respectively 
5 
Number of observations assessed for growth traits at ages 3 and 7 respectively. 
6
 Age of thinning in month from planting with percentage of trees remaining at second evaluation in parentheses. 
7 
Range of stems for each family assessed for growth and wood traits respectively followed by an average in 
parentheses.  
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Table 3.2. Connectivity at the provenance and family levels within three trials to assess 
growth and wood properties of CCV populations in southeast Queensland. 
Trial Growth assessment Wood assessment 
 451C 451D 451G 451C 451D 451G 
451C 12 (120) 71 23 4 (43) 16 16 
451D 11 13 (242) 55 4 13 (241) 53 
451G 8 7 12 (137) 4 7 12 (132) 
Total number of provenances and families within provenance (between parentheses) sampled in each trial along the 
diagonal, number of families in common above the diagonal and number of provenances in common below the 
diagonal. 
 
 
Figure 3.1. Origin of Corymbia citriodora subsp. variegata provenances evaluated for growth 
and wood properties. 
Statistical analyses 
The growth and wood-property data described above were analysed using three sets of statistical 
models: firstly, a univariate model for analyses of each trait at each trial (i.e. single-trial analyses); 
secondly, a bivariate model for analyses of paired traits across trials; and thirdly, a model for 
across-trial analyses of each trait. The univariate model was used to generate best linear unbiased 
predictions (BLUPs) of provenance performance and heritability estimates (ℎ 2) for each trait in 
each trial. The bivariate model was used to estimate between-traits (type-A) additive genetic 
(𝑟 family), and provenance correlations (𝑟 prov). The across-trials model was used to estimate between-
site (type-B) additive genetic and provenance correlations, plus estimates of the across-trial 
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heritability and the ratio of provenance to phenotypic variance for each trait that are not biased by 
confounding genotype × site interaction effects.   
Analyses were conducted using the Genstat version 16.0 (www.vsni.co.uk). Prior to across-trial 
analyses data for each trait were standardized to have a zero mean and a phenotypic variance of one 
within each trial to remove scale effects (White et al. 2007). Mixed linear models were used to 
estimate genetic parameters using restricted maximum likelihood (REML, Patterson & Thompson 
1971) and to generate best linear unbiased prediction (BLUPs, Henderson 1963) of the parental 
breeding values. Z tests were conducted to test whether the random effects were significantly 
different from zero and Wald statistics were used to test the significance of fixed effects. All models 
assumed that the random effects were normally distributed with expectation zero and corresponding 
variances. Genetic parameters were estimated using the observed components of variance estimated 
from the general linear model: 
yi = Xbi + Zui + ei   (Eq. 3.1), 
where yi refers to a vector of phenotypic observations that are indexed by trait i in bivariate models; 
bi is the vector of fixed effects; ui is the vector of random effects; X is the incidence matrix relating 
the yi observations to the bi fixed effects; Z is the incidence matrix relating the yi observations to the 
ui random effects; and ei is the vector of random errors. Models applied are similar to those used by 
Costa E Silva et al. (2009) and Brawner et al. (2011).  
Single trial analyses 
The model was used for the analysis of a single trait (i) at each trial including terms for random 
provenance and family (within provenance) effects in ui; where, Prov
2ˆ and 
2ˆ
Family are the variance 
components associated with these random effects respectively. The family by replicate interaction 
effect was used to account for random plots in trials that used multi-tree contiguous plots, whereas 
the provenance by replicate interaction was pooled with the residual to eliminate singularities 
caused by trials containing different sets of families within the same provenance. The overall trial 
mean, incomplete block, replication and plot effects were included as fixed effects in bi. 
Bivariate analyses between traits 
Bivariate analyses were undertaken between the traits across the three trials to estimate correlations 
referred to as type-A genetic correlations (Burdon 1977). For these analyses, variance and 
covariance estimates for all traits were taken from a linear mixed-effects model as follows: 
yi = Xibi + Zqiqi + Zuiui + Zpipi + ei       (Eq. 3.2), where, 
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yi is the vector of observations that is indexed i by each trait; yi =  
𝒚𝒕𝒓𝒂𝒊𝒕𝟏
𝒚𝒕𝒓𝒂𝒊𝒕𝟐
 ; 
bi is the vector of fixed effects representing the trial mean for each trait, incomplete block, 
replication and plot effects; Xi is the incidence matrix relating yi to the bi fixed effects; Xibi = 
 
𝑿𝟏 𝟎
𝟎 𝑿𝟐
  
𝒃𝟏
𝒃𝟐
 , 0 is a null matrix; 
qi is the vector of random provenance effects ~MVN (0, L⊗Ii) where L =  
2
1
ˆ
Prov 2,1ˆProv
2,1
ˆ
Prov
2
2
ˆ
Prov
 , ⊗ is 
the Kronecker product and Ii is an identity matrix of size equal to the number provenances, 
2ˆ
iProv
 is 
the provenance variance for trait i and 
2,1
ˆ
Prov is the covariance between provenances for traits 1 and 
2; ui is the vector of random open-pollinated family within provenance effects ~MVN (0, G⊗Ii) 
where  
G =  
2
1
ˆ
Family 2,1ˆFamily
2,1
ˆ
Family
2
2
ˆ
Family
 with variance between families (
2ˆ
iFamily
 ) for the first and second traits, and 
between-trait family covariances (
2,1
ˆ
Family ); 
pi is the vector of random replicate by family within provenance interactions ~MVN (0, M⊗Ii) 
where  
M =  
2
Repx 1
ˆ
Family 1,2Repxˆ Family
1,2Repx
ˆ
Family
2
Repx 2
ˆ
Family
 , 
2
Repx
ˆ
iFamily
 is the plot variance for trait i and 
2,1Repx
ˆ
Family is plot 
covariance between traits 1 and 2; and, ei is the vector of random residuals ~MVN (R⊗I) where 
residuals were heterogeneous across traits, where R =  
2
1
ˆ
Error 1,2ˆError
1,2
ˆ
Error
2
2
ˆ
Error
 , 
2ˆ
iError
 is the error variance 
for trait i, 
2,1
ˆ
Error is the between-trait error covariance and I is an identity matrix of dimension equal 
to the number of observations of each trait.  
Across-trial analyses 
Across-trial analyses for the same trait assessed in different trials were conducted to investigate 
environmental stability and estimate population wide genetic parameters. A model similar to model 
(Eq. 3.2) described above was used for these across-trial analyses, except, the model was indexed 
by trial (i) rather than trait. Here: yi is the vector of observations;   
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yi =  
𝒚𝒕𝒓𝒊𝒂𝒍𝟏
⋮
𝒚𝒕𝒓𝒊𝒂𝒍𝟑
 ; bi and Xi are defined as above; qi is the vector of random provenance effects ~MVN 
(0, L⊗Ii), where L =
 
 
 
 
 
 
2
1
ˆ
Prov 2,1Provr 3,1Provr
2,1Prov
r 2
2
ˆ
Prov 3,2Provr
3,1Prov
r
3,2Prov
r 2
3
ˆ
Prov  
 
 
 
 
 
 is a uniform correlation matrix, 
xProv
r is a constant 
between-trial correlation for each trait, and 
2ˆ
NProv
 is the among-provenance variance in trials 1 to 3 
for the trait; ui is the vector of random family within provenance effects ~MVN (0, G⊗Ii) where,  
Gi = 
 
 
 
 
 
2
1
ˆ
Family 2,1ˆFamily 3,1ˆFamily
2,1
ˆ
Family
2
2
ˆ
Family 3,2ˆFamily
3,1
ˆ
Family 3,2ˆFamily
2
3
ˆ
Family  
 
 
 
 
 is an unstructured variance/covariance matrix with 
2ˆ
NFamily

estimated for a single trait in each of the three trials and 
NNFamily ,
ˆ is the genetic covariance estimated 
between each pair of trials; ni and pi are defined as above; M is a diagonal matrix of heterogeneous 
trial-specific plot variances; ei is defined as above; R is a diagonal matrix of the between-trial error 
variances; and, Ii is the identity matrix of dimension equal to the number of observations within 
each trial.  
Genetic parameter estimates 
Narrow-sense heritability estimates for single-trial and across-trial analyses were estimated for all 
traits using the following formulae, which is the ratio of the estimated additive genetic variance to 
the within-provenance phenotypic variance: 
22
2
2
ˆˆ
ˆ3
ˆ
ˆ
ˆ
ErrorFamily
Family
P
A
V
V
h



 ,                                                                                                  (Eq. 3.3)
 
where AVˆ is additive genetic variance, PVˆ is the phenotypic variance, Family
2ˆ is the among-family 
variance, Error
2ˆ is the unexplained error (residual) variance. This heritability estimate assumes the 
coefficient of relationship was one-third due to mixed mating (Griffin & Cotterill 1988; Brawner et 
al. 2012), rather than one-quarter as would be appropriate for true half-sibs (Falconer & Mackay 
1996). Although Griffin and Cotterill (1988) recommended 1/2.5 for Eucalyptus species, the 
coefficient of relationship may be dependent on where seed was collected. The choice of one-third 
here was based upon higher outcrossing rates of Corymbia species compared to other Eucalyptus 
species (Southerton et al. 2004; Shepherd et al. 2008). Standard errors of the  heritability estimates 
were calculated using Dickerson’s approximation (Dieters et al. 1995).  
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The proportion of provenance variance was used to compare the among-provenance variance and 
among-family variances (Hodge & Dvorak 2001), this term was estimated as:  
P
Prov
V
P
ˆ
ˆˆ
2
2  ,                                                                                                                          (Eq. 3.4) 
where Prov
2ˆ  is the variance between provenances, and PVˆ is the same phenotypic variance used to 
calculate heritability. 
Type-A and B genetic correlations were calculated at both the family and provenance levels. Type-
A (family and provenance) correlations between traits are important to help understand 
improvement of one trait will affect other traits (Falconer & Mackay 1996), whereas type-B 
measures the genetic correlation between the same trait in different environments. These 
correlations range between -1 and 1; and estimates ≈ 1 indicate a very high degree of similarity 
between performance in different traits or/and environments (Burdon 1977).  
Type-A and B correlations for family level were estimated as: 
22
21
2,1
ˆˆ
ˆ
ˆ
FamilyFamily
Family
Familyr


 ,                                                                                                      (Eq. 3.5)
 
with the genetic covariance 
2,1
ˆ
Family  specific to a pair of traits for type-A correlations or a pair of 
trials for type-B correlations.    
Type-A and B correlations at the provenance level were estimated as:  
22
21
2,1
ˆˆ
ˆ
ˆ
ProvProv
Prov
Provr


 ,                                                                                                           (Eq. 3.6) 
where
2,1
ˆ
Prov is the covariance among provenances for either traits or trials. The standard errors for 
genetic correlation estimates were calculated following the equation described by Falconer (1981). 
3.3. Results 
Variation among trials and provenances 
Variation among trials 
The mean values and range of all traits are given in Table 3.3. In the first three years after planting, 
trees had the lowest growth at trial 451D and highest in trial 451G. Average performance for 
growth traits was 6.3, 7.1 and 8.5 cm for DBH; 6.9, 6.9 and 8.3 m for tree height; and 10.3, 16.0 
and 22.2 dm
3
 of conical volume, respectively for trials 451D, 451C and 451G. At seven years old, 
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the greatest growth was observed at trial 451C, with the difference between the lowest (trial 451D) 
and highest average site volume amounting to approximately a five-fold difference. These large 
differences in individual-tree volume may have been caused by the early and heavy thinning in 
trials 451C and 451G, whereas there was no thinning in trial 451D at the assessment age. The 
differences between sites were also observed for wood quality traits assessed with NIR 
spectroscopy. The largest average site KPY was found at trial 451C (55.0%), trial 451D and 451G 
had similar average site KPY, at 52.9% and 52.7% respectively. However, wood basic density of 
CCV was largest at trial 451D and smallest at trial 451C. Likewise, CCV had the greatest MOE at 
trial 451D, lowest at trial 451C and moderate at trial 451G. Finally, MfA of CCV was highest at 
trial 451G, moderate at trial 451D and lowest at trial 451C (Table 3.3). 
Most growth traits had low to moderate single-trial heritability estimates with low standard errors, 
with values ranging from 0.16 ± 0.05 to 0.39 ± 0.03 across all trials. The exceptions were V3, D7 
and V7 at trial 451C as these traits had low to moderate heritability estimates associated with large 
standard errors (see Table 3.3). Single-trial individual heritability estimates for wood traits also 
varied among sites with low to moderate values associated with low standard errors at trials 451 D 
and 451G; estimates varied from 0.16 ± 0.04 to 0.08 ± 0.05 for KPY, 0.24 ± 0.05 to 0.49 ± 0.10 for 
DEN and 0.21 ± 0.03 to 0.22 ± 0.08 for MOE. However, these three wood traits had very low 
heritability estimates associated with large standard errors at trial 451C; possibly due to the small 
number of provenances and families within each provenance that were sampled for wood quality in 
this trial. Single-trial heritability estimates for MfA showed a different profile, with moderate 
values at trials 451C and 451D and very small estimates at trial 451G (Table 3.3).     
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Table 3.3. Overall means, ranges of variation, and estimated additive genetic (𝝈 𝒈
𝟐) and 
phenotypic (𝝈 𝒑
𝟐) variances and heritability (𝒉 𝟐) estimated from single-trial analyses of ten 
traits assessed in the three progeny trials. Standard errors of means (SE) are in parentheses. 
Trait
* 
Trial Mean (SE) 
Range 𝜎 𝑔
2 (SE) 𝜎 𝑝
2 (SE) ℎ 2 (SE) 
Min Max 
D3 
(cm) 
451C 7.1 (0.5) 1.0 17.5 5.31 (1.14) 16.44 (3.36) 0.32 (0.05) 
451D 6.3 (0.1) 1.0 15.7 1.67 (0.21) 5.69 (0.33) 0.29 (0.03) 
451G 8.5 (0.3) 1.0 17.5 2.91 (0.63) 13.25 (1.50) 0.22 (0.04) 
H3 (m) 
451C 6.9 (0.4) 1.5 13.4 3.52 (0.76) 9.88 (2.22) 0.36 (0.06) 
451D 6.9 (0.2) 1.0 13.5 2.54 (0.30) 6.48 (0.47) 0.39 (0.03) 
451G 8.3 (0.3) 1.0 14.2 2.39 (0.47) 7.39 (1.14) 0.30 (0.05) 
V3 
(dm
3
) 
451C 16.0 (2.3) 0.0524 89.7 75.0 (19.5) 341.90 (61.40) 0.22 (0.05) 
451D 10.3 (0.3) 0.0262 81.3 19.60 (2.67) 79.65 (4.41) 0.25 (0.03) 
451G 22.2 (1.5) 0.0262 110.6 61.50 (15.30) 388.10 (37.40) 0.16 (0.03) 
D7 
(cm) 
451C 19.6 (0.5) 10.7 29.2 1.62 (1.60) 11.32 (5.27) 0.14 (0.12) 
451D 9.5 (0.3) 2.0 23.0 3.78 (0.48) 16.29 (1.13) 0.23 (0.02) 
451G 15.7 (0.5) 3.0 27.6 4.71 (1.44) 22.17 (4.0) 0.21 (0.05) 
H7 (m) 
451C 18.7 (0.3) 4.4 24.3 2.42 (1.40) 7.21 (3.32) 0.34 (0.15) 
451D 11.4 (0.2) 1.0 22.4 6.54 (0.78) 18.89 (1.45) 0.35 (0.03) 
451G 16.5 (0.5) 2.9 24.8 6.03 (1.38) 16.89 (3.68) 0.36 (0.06) 
V7 
(dm
3
) 
451C 205.5 (11.0) 19.5 504.5 1038 (1098) 7636 (3428) 0.14 (0.13) 
451D 38.6 (2.0) 0.13 278.4 267 (36) 1328 (81) 0.20 (0.02) 
451G 126.6 (8.8) 0.83 442.9 1023(366) 6257 (1052) 0.16 (0.05) 
KPY 
(%) 
451C 55.0 (0.32) 48.5 60.0 0.28 (1.54) 5.10 (4.05) 0.05 (0.29) 
451D 52.9 (0.54) 43.2 62.1 1.81 (0.46) 11.11 (3.33) 0.16 (0.04) 
451G 52.7 (0.71) 43.2 62.1 1.14 (0.72) 14.72 (4.15) 0.08 (0.05) 
DEN 
(kg/m
3
) 
451C 749 (7) 687.0 854.0 64 (266) 1241 (855) 0.05 (0.20) 
451D 779 (8) 652.0 947.0 495 (126) 2078 (689) 0.24 (0.05) 
451G 772 (4) 632.0 938.0 891 (270) 1825 (618) 0.49 (0.10) 
MOE 
(GPa) 
451C 16.9 (0.2) 13.6 21.0 0.04 (0.91) 3.44 (2.69) 0.01 (0.26) 
451D 20.8 (0.8) 11.0 31.5 2.58 (0.45) 12.24 (4.56) 0.21 (0.03) 
451G 18.6 (0.4) 11.4 32.1 2.32 (0.96) 10.36 (3.21) 0.22 (0.08) 
MfA 
(degree) 
451C 17.3 (0.2) 12.3 21.0 0.77 (0.66) 3.58 (1.71) 0.20 (0.15) 
451D 19.1 (0.4) 11.6 27.3 1.81 (0.31) 4.32 (1.48) 0.42 (0.05) 
451G 20.4 (0.8) 11.9 30.0 0.47 (0.51) 13.90 (4.07) 0.03 (0.04) 
*
Trait abbreviations are growth trait-age, e.g., D3: diameter at breast height (DBH) measured at 3 years, etc. Hx: total 
tree height, Vx: volume index, and wood quality traits, KPY: Kraft pulp yield, DEN: basic density, MOE: modulus of 
elasticity, and MfA: microfibril angle.  
Variation among provenances 
There were statistically significant differences (p < 0.001) among provenances for most traits in 
each trial (Table 3.4 & Figure 3.2), except D3 (p = 0.55), H3 (p = 0.61) and V3 (p = 0.49) in trial 
451D. In terms of growth at three years old, three provenances consistently performed well (Home, 
Wolvi and Woondum), demonstrating high tree volume estimates across the three trials that were 
significantly different (p < 0.01) from their trial means. The growth of Boundary Creek and 
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Dalmorton provenances was high in trial 451C but low or intermediate in trials 451D and 451G 
respectively. At seven years old, the growth of the three provenances originating from Queensland 
(Home, Wolvi and Woondum) were still consistently high. The ranks however may have been 
changed by thinning in trials 451C and 451G. For example, Boundary Creek ranked first at three 
years old but ranked sixth at seven years old in trial 451C. Several provenances from New South 
Wales also grew well across sites: Kangaroo ranked first in trial 451C for V7, Kangaroo and 
Dalmorton ranked third and fourth in trial 451D for V7, Richmond Range and Cherry Tree ranked 
first and third in trial 451G respectively for V7 (Table 3.4).  
In terms of wood quality traits (Figure 3.2 & Appendix 3.1), trial 451C had a limited number of 
observations (123, due to heavy thinning) and a geographically narrow range of provenances (4) 
sampled for wood assessment. There were no statistically significant differences between 
provenances for KPY (p = 0.124), MOE (p = 0.44) and MfA (p = 0.34). However, Woondum and 
Brooyar had significantly higher density than the other provenances tested (p < 0.01) with no 
significant differences detected among the other provenances for wood density in trial 451C. Wood 
samples were collected for all provenances represented in trials 451D and 451G. There were highly 
significant differences between provenances for all wood quality traits (p < 0.001) in these two 
trials; the least significant was for wood density in trial 451G (p = 0.025) with a range of only 763 
to 780 kg/m
3
. The KPY of the four provenances originating from Queensland (Woondum, Wolvi, 
Home, and Brooyar) was superior across trials, and significantly different from the trial means (p < 
0.001). Conversely, wood density of these four provenances was lowest in trial 451D, and relatively 
low in trial 451G, with the exception of Brooyar which had the highest wood density in trial 451G. 
Interestingly, these four provenances had significantly lower MOE and MfA than other provenances 
in trials 451D and 451G.    
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Table 3.4. Best linear unbiased predictions of growth-trait means (standard errors as given by 
Genstat version 16.0 in parentheses) for provenances assessed in the three trials. (Trait 
abbreviations are as given in Table 3.3.) 
(a) Growth traits at 3 years of age 
Provenance 
451C 451D 451G 
D3 H3 V3 D3 H3 V3 D3 H3 V3 
Bauple       6.2 (0.4) 6.9 (0.5) 9.9 (1.5)       
Boundary Creek 8.7 (1.0) 8.1 (0.8) 23.7 (4.1) 6.1 (0.3) 6.6 (0.4) 9.5 (1.1) 8.6 (0.7) 8.5 (0.6) 22.2 (3.2) 
Brooyar 6.8 (0.5) 6.9 (0.4) 14.1 (2.1) 6.1 (0.2) 6.6 (0.3) 9.6 (1.0) 8.5 (0.5) 8.5 (0.5) 21.2 (2.6) 
CherryTree             8.9 (0.2) 8.3 (0.2) 25.0 (1.2) 
Curra             8.3 (0.4) 8.3 (0.4) 21.6 (2.1) 
Daguilar             6.6 (0.2) 6.4 (0.2) 13.7 (1.2) 
Dalmorton 8.5(1.2) 8.3 (1.0) 23.1 (5.2) 6.5 (0.5) 7.3 (0.6) 10.8 (1.8) 8.5 (0.8) 8.5 (0.7) 22.1 (3.7) 
Esk 5.0 (0.5) 6.0 (0.4) 7.8 (1.9) 5.5 (0.4) 6.1 (0.5) 7.4 (1.6)       
Home 8.5 (0.4) 8.0 (0.3) 22.1 (1.8) 6.7 (0.2) 7.4 (0.2) 12.0 (0.7) 9.0 (0.5) 9.0 (0.4) 24.7 (2.4) 
Kangaroo 8.3 (0.7) 7.7 (0.5) 22.3 (2.8) 6.4 (0.4) 7.2 (0.5) 10.0 (1.4)       
Lockyer 5.7 (0.4) 6.2 (0.4) 8.8 (1.8) 6.3 (0.6) 6.9 (0.7) 9.0 (2.2)       
Mount-Mee             7.8 (0.2) 7.6 (0.2) 17.4 (1.2) 
Richmond Range 8 (1.2) 7.6 (1.0) 18.5 (5.2) 6.3 (0.4) 6.7 (0.5) 9.6 (1.4) 9.2 (0.5) 8.5 (0.5) 25.1 (2.6) 
SA-CSO 4.2 (0.5) 4.0 (0.4) 4.7 (2.0)             
Wedding Bells       6.1 (0.4) 7.2 (0.4) 9.7 (1.3)       
Wolvi 7.9 (0.4) 7.5 (0.3) 19.1 (1.6) 6.3 (0.2) 6.9 (0.2) 10.2 (0.6) 9.2 (0.4) 8.8 (0.4) 25.2 (2.1) 
Wondai 5.6 (0.5) 5.7 (0.4) 10.0 (2.2) 6.7 (0.9) 7.5 (1.1) 11.8 (3.2)       
Woondum 7.7 (0.3) 7.2 (0.3) 18.1 (1.3) 6.5 (0.1) 7.0 (0.1) 10.6 (0.2) 9.2 (0.2) 8.9 (0.2) 26.2 (1.0) 
 
(b) Growth traits at 7 years of age 
Provenance 
451C 451D 451G 
D7 H7 V7 D7 H7 V7 D7 H7 V7 
Bauple       9.2 (0.5) 11.3 (0.8 36.6 (4.1)       
Boundary Creek 20.3 (1.0) 19.1 (1.2) 215.3 (23.7) 9.9 (0.4) 11.1 (0.6) 39.9 (3.4) 15.9 (1.0) 17.0 (1.0) 128.9 (16.8) 
Brooyar 19.0 (0.6) 19.3 (0.6) 192.7 (15.6) 8.7 (0.3) 10.4 (0.5) 33.4 (2.9) 15.3 (0.8) 16.9 (0.8) 114.0 (13.2) 
CherryTree             16.7 (0.4) 16.8 (0.4) 147.2 (5.8) 
Curra             15.1 (0.6) 16.7 (0.6) 116.3 (10.4) 
Daguilar             12.6 (0.4) 12.9 (0.3) 78.3 (5.8) 
Dalmorton 19.1 (1.1) 18.5 (1.6) 194.5 (25.9) 9.9 (0.6) 12.4 (1.0) 40.3 (4.5) 15.9 (1.2) 17.4 (1.2) 128.6 (20.3) 
Esk 18.6 (0.8) 19.0 (0.9) 192.5 (20.1) 8.1 (0.5) 9.3 (0.8) 29.6 (4.1)       
Home 20.7 (0.5) 19.4 (0.4) 230.9 (11.8) 10.3 (0.3) 12.3 (0.4) 46.0 (2.5) 15.9 (0.8) 16.9 (0.7) 129.3 (12.2) 
Kangaroo 21.0 (0.6) 19.5 (0.7) 234.1 (15.9) 10.1 (0.5) 11.9 (0.8) 41.4 (3.9)       
Lockyer 18.0 (0.6) 18.1 (0.6) 169.8 (16.4) 9.1 (0.6) 10.2 (1.2) 34.8 (4.8)       
Mount-Mee             14.5 (0.4) 15.1 (0.4) 99.9 (6.1) 
Richmond Range 17.7 (1.1) 14.7 (1.6) 171.2 (25.0) 9.9 (0.5) 11.3 (0.7) 39.9 (3.9) 17.4 (0.8) 17.1 (0.8) 154.8 (13.4) 
SA-CSO 19.0 (1.1) 17.6 (1.4) 190.2 (25.3)             
Wedding Bells       9.7 (0.5) 11.5 (0.7) 39.0 (3.7)       
Wolvi 20.9 (0.4) 19.4 (0.4) 232.5 (10.7) 9.7 (0.2) 11.4 (0.3) 40.2 (2.1) 17.0 (0.6) 17.6 (0.6) 147.0 (10.3) 
Wondai 20.2 (0.8) 20.5 (0.9) 221.3 (20.1) 9.5 (0.7) 12.1 (1.7) 38.7 (5.3)       
Woondum 20.6 (0.3) 19.0 (0.3) 220.8 (8.6) 10.0 (0.1) 11.6 (0.1) 42.4 (1.0) 17.1 (0.3) 17.4 (0.3) 148.3 (4.7) 
 
 
 
60 
 
 
 
Figure 3.2. Averages of wood traits (error bars refer to standard errors) for provenances 
assessed across the three trials. (Trait abbreviations are as given in Table 3.3.) 
Genetic correlations among traits and trials 
Narrow-sense heritability, provenance proportion of phenotypic variance and genetic correlations 
between traits using bivariate analyses are presented in Table 3.5. For growth traits, heritability 
estimates were similar at the two assessment ages. Of these, tree height had the highest heritability 
estimates and volume had the lowest. KPY had the lowest heritability estimate of the wood traits; 
0.29 compared with 0.43, 0.53, and 0.41 for DEN, MOE, and MfA respectively. Estimates of the 
proportion of provenance variance were consistently lower than the heritability estimates for both 
growth and wood quality traits, implying greater genetic variation within provenances than among 
provenances. There were very high age-age correlations for growth traits, indicating that only small 
changes in both family and provenance rankings occurred between the two assessment ages for 
DBH and H. Additionally, genetic correlations between growth traits were positively and highly 
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associated with small standard errors of the estimates at both the family and provenance level. 
Correlations between growth and wood quality traits were moderate and positive at the family level, 
ranging from 0.32 to 0.68, apart from MfA which was negatively (but favourably, i.e. increased 
growth, DEN, KPY and MOE were associated with reduced MfA) correlated with all other traits. 
Although estimated genetic correlations among growth traits were high and positive at the 
provenance level, such correlations with wood quality traits were relatively low and negative. 
Among wood quality traits, MOE and density had high positive correlations at both the family and 
provenance level. The estimated correlations among KPY and density and MOE were moderate and 
positive at family level, but were negative at the provenance level and associated with larger 
standard errors, which may be due to the low number of provenances sampled and differences in 
family-within-provenance representation in trial 451C.  
Table 3.5. Genetic parameter estimates from bivariate across-site analyses of ten traits 
evaluated in the three progeny trials. Family parameter estimates include narrow-sense 
heritability on the diagonal (bold) and type-A additive genetic correlations below the 
diagonal. Provenance parameter estimates include proportion of phenotypic variance on the 
diagonal and type-A provenance correlations below the diagonal. (Approximate standard 
errors of estimates are given in parentheses.) 
Trait D3 H3 V3 D7 H7 V7 KPY DEN MOE MfA 
Family level parameter estimates 
D3 0.34 (0.03) 
         
H3 0.96 (0.01) 0.42 (0.04) 
        
V3 0.98 (0.01) 0.94 (0.01) 0.24 (0.03) 
       
D7 0.98 (0.01) 0.94 (0.02) 0.94 (0.01) 0.32 (0.04) 
      
H7 0.96 (0.01) 0.98 (0.01) 0.89 (0.02) 0.96 (0.01) 0.41 (0.04) 
     
V7 0.92 (0.01) 0.85 (0.02) 0.97 (0.01) 0.91 (0.02) 0.84 (0.02) 0.29 (0.04) 
    
KPY 0.32 (0.09) 0.52 (0.07) 0.33 (0.10) 0.48 (0.09) 0.68 (0.05) 0.40 (0.10) 0.29 (0.06) 
   
DEN 0.41 (0.07) 0.40 (0.07) 0.43 (0.08) 0.40 (0.08) 0.41 (0.07) 0.40 (0.09) 0.26 (0.12) 0.43 (0.07) 
  
MOE 0.42 (0.07) 0.47 (0.07) 0.47 (0.08) 0.43 (0.08) 0.52 (0.06) 0.46 (0.08) 0.64 (0.07) 0.82 (0.04) 0.53 (0.08) 
 
MfA -0.31 (0.08) -0.41(0.08) -0.41 (0.09) -0.36(0.09) -0.48(0.07) -0.35(0.10) -0.77(0.05) -0.58(0.08) -0.96(0.01) 0.41 (0.07) 
Provenance level parameter estimates 
Trait 
          
D3 0.14 (0.05) 
         
H3 0.97 (0.02) 0.13 (0.05) 
        
V3 0.99 (0.01) 0.95 (0.02) 0.12 (0.04) 
       
D7 0.98 (0.01) 0.96 (0.02) 0.95 (0.02) 0.1 (0.04) 
      
H7 CF 1.0 (0.01) 0.97 (0.01) 0.91 (0.05) 0.08 (0.03) 
     
V7 0.97 (0.07) 0.94 (0.03) 0.99 (0.01) 0.96 (0.02) 0.91 (0.05) 0.17 (0.07) 
    
KPY 0.46 (0.21) 0.49 (0.21) 0.51 (0.19) 0.42 (0.23) 0.51 (0.20) 0.52 (0.21) 0.39 (0.15) 
   
DEN -0.07( 0.27) -0.03(0.28) 0.03 (0.26) 0.03 (0.27) 0.03 (0.28) 0.19 (0.28) -0.51(0.21) 0.22 (0.09) 
  
MOE -0.18(0.24) -0.16(0.25) -0.04(0.24) 0.12 (0.26) 0.12 (0.22) 0.21 (0.25) -0.54(0.39) 0.91 (0.05) 0.59 (0.20) 
 
MfA -0.43(0.21) -0.55(0.19) -0.54(0.18) -0.45(0.22) -0.59(0.18) -0.59(0.19) -0.93(0.04) 0.26 (0.25) 0.35 (0.22) 0.49 (0.19) 
Note: CF stands for convergence failed. Trait abbreviations are as given in Table 3.3. 
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Table 3.6 presents narrow-sense heritability and provenance proportion of phenotypic variance 
estimates for each trial as well as type-B correlations estimated using across-trial analyses. For 
growth traits: at age three, the heritability estimates were greatest at trial 451C and smallest at trial 
451G. This contrasts with seven year-old heritability estimates which were highest at trial 451G and 
lowest at trial 451C. This may have been caused by heavy thinning of trial 451C prior to 
assessment. Estimates of the proportion of phenotypic variance among provenances (
2Pˆ ) were far 
lower than the heritability estimates with the exception of the age-seven diameter estimate (D7) in 
trial 451C. At the family level, correlations among sites were positive and high at age three years. In 
the age-seven measure, growth traits in trials 451D and 451G were highly positively correlated 
however growth traits in trial 451C were either negatively or only moderately positively correlated 
with the other two trials. Conversely, correlations between sites at the provenance level were high 
and associated with low standard error estimates (Table 3.6a). For wood quality traits: both the 
heritability and 
2Pˆ  estimates were largest at trial 451D where the number of observations was 
highest (see Table 3.1). In contrast, the heritability estimate of MfA was low and associated with a 
high standard error, while 
2Pˆ  of this trait was relatively high at trial 451G. However, moderate and 
high heritability estimates of MfA were found at trials 451C and 451D respectively. For several 
traits, parameters were not estimable at the provenance level. Genetic correlations among sites at 
family level were positive and high, apart from trial-pair 451C and 451D, particularly for MfA 
where the low correlation among sites was associated with high standard error (Table 3.6b).  
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Table 3.6. Genetic parameter estimates from each pair of sites for each trait evaluated in the three trials. Family parameter estimates include 
narrow-sense heritability on the diagonal (bold) and type-B additive genetic correlations below the diagonal. Provenance parameter estimates 
include proportion of phenotypic variance on the diagonal and type-B provenance correlations below the diagonal. (Approximate standard 
errors are given in parentheses.) 
(a) Parameter estimates for growth traits 
  D3 H3 V3 D7 H7 V7 
 Trial 451C 451D 451G 451C 451D 451G 451C 451D 451G 451C 451D 451G 451C 451D 451G 451C 451D 451G 
Family level parameter estimates 
451C 
0.44 
(0.09)     
0.46 
(0.09)     
0.27 
(0.07)     
0.17 
(0.15)     
0.37 
(0.17)     
0.20 
(0.11)     
451D 
0.94 
(0.01) 
0.28 
(0.03)   
0.90 
(0.02) 
0.40 
(0.04)   
0.85 
(0.04) 
0.26 
(0.03)   
0.20 
(0.25) 
0.26 
(0.03)   
0.11 
(0.18) 
0.36 
(0.04)   
0.26 
(0.22) 
0.22 
(0.03)   
451G 
0.97 
(0.01) 
0.99 
(0.01) 
0.27 
(0.05) 
0.68 
(0.07) 
0.99 
(0.01) 
0.40 
(0.06) 
0.88 
(0.04) 
0.55 
(0.11) 
0.17 
(0.04) 
0.15 
(0.30) 
0.99 
(0.01) 
0.43 
(0.08) 
-
0.7(0.11) 
0.99 
(0.01) 
0.63 
(0.11) 
0.55 
(0.26) 
0.99 
(0.01) 
0.25 
(0.07) 
Provenance level parameter estimates 
451C 
0.19 
(0.09)     
0.20 
(0.10)     
0.16 
(0.07)     
0.16 
(0.09)     
0.01 
(0.02)     
0.11 
(0.07)     
451D 
0.99 
(0.01) 
0.02 
(0.02)   
0.97 
(0.03) 
0.02 
(0.02)   
0.99 
(0.01) 
0.02 
(0.01)   
0.79 
(0.14) 
0.08 
(0.02)   
0.96 
(0.07) 
0.03 
(0.03)   
0.99 
(0.01) 
0.03 
(0.03)   
451G 
0.90 
(0.07) CF 
0.07 
(0.04) 
0.95 
(0.03) CF 
0.10 
(0.05) 
0.86 
(0.09) 
0.94 
(0.05) 
0.06 
(0.02) 
0.21 
(0.37) 
0.96 
(0.03) 
0.11 
(0.05) CF 
0.62 
(0.32) 
0.10 
(0.06) 
0.90 
(0.30) 
0.91 
(0.07) 
0.11 
(0.05) 
 
(b) Parameter estimates for wood traits 
 
KPY DEN MOE MfA 
  451C 451D 451G 451C 451D 451G 451C 451D 451G 451C 451D 451G 
Family level parameter estimates 
451C 0.15 (0.30)     0.10 (0.26)     0.05 (0.23)     0.24 (0.03)     
451D 0.76 (0.29) 0.33 (0.09)   0.93 (0.07) 0.55 (0.10)   0.71 (0.31) 0.62 (0.10)   0.21 (0.31) 0.65 (0.11)   
451G 0.99 (0.02) 0.99 (0.01) 0.15 (0.11) 0.99 (0.01) 0.99 (0.01) 0.53 (0.15) 0.99 (0.02) 0.99 (0.01) 0.54 (0.14) 0.96 (0.10) 0.99 (0.01) 0.04 (0.10) 
Provenance level parameter estimates 
451C 0.06 (0.09)     0.12 (0.13)     0.13 (0.11)     CF     
451D 0.84 (0.17) 0.43 (0.19)   (-0.68) 0.26 0.29 (0.12)   (-0.99) 0.01 0.65 (0.25)   CF 0.42 (0.17)   
451G CF CF CF 0.31 (0.56) 0.75 (0.17) 0.05 (0.04) CF 0.99 (0.01) 0.24 (0.10) CF 0.99 (0.01) 0.44 (0.17) 
Note: CF indicates that convergence failed in REML. Trait abbreviations are as given in Table 3.3.
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3.4. Discussion 
Variation among sites and provenances 
Site effects  
Trial environment effects reflect all variation of non-genetic origin which can have a great variety 
of causes and its nature depends on the traits and species studied (Falconer & Mackay 1996). Site 
effects reflect the reaction of trees to the combined effects of nutritional and climatic factors (Pliura 
et al. 2007).  In the first three years after planting, the fast growth rates of Corymbia citriodora 
subsp. variegata (CCV) that were observed in trial 451G may be due to the favourable site 
condition. Unfortunately the present study did not have opportunities to investigate this issue 
further. The large mean growth observed in trial 451C at age 7 may be caused by heavier thinning 
leading to low number of observations in this trial (see Table 3.1). On the other hand, the slow 
growth rates observed in trial 451D at age 7 might be because of higher stocking (no thinning at 
assessment age) and generally poorer soil types in this trial.  
The highest KPY was observed at the most productive site (in term of growth rates), trial 451C; 
however site effects were small for this trait. The trial means for KPY at an average age of 11 years 
in this study were similar to those reported in Brawner et al. (2012) for some of the same material at 
an average age of 10 years. The highest wood density was not found at the least productive trial 
451D, as might be expected since high growth rates often result in low density and vice versa 
(Zobel & van Buijtenen 1989; Nyakuengama et al. 2002); however the lowest wood density was 
observed at the most productive trial 451C. Significant site effects for pulp yield and wood density 
have been reported for spotted gums (Corymbia citriodora subsp. citriodora [CCC] and Corymbia 
henryi) with the species demonstrating lower wood density and greater pulp yield on a wetter site 
than at the far drier site (Gardner et al. 2007). In comparison with the results from previous studies 
on pulp yield and wood density for spotted gums (Clark & Hicks 2003; Gardner et al. 2007; 
Harding et al. 2009a), the mean values of KPY values were similar; however, wood density 
estimates were higher in the present study. For example, wood density estimates for eighteen 
provenances of CCV ranged from 735 to 815 kg/m
3
, whereas Gardner et al. (2007) reported that 
basic density of CCC at seven years of age in two trials in South Africa ranged from 637 to 672 
kg/m
3
. These differences may be due to the approach used to estimate wood density, different sub-
species and provenances, differences in edaphic and climatic factors, and different ages of sampled 
trees. It is reported that enhancing growth rates have led to shorter rotation lengths and an increased 
proportion of juvenile wood with low strength and stiffness (Downes et al. 2000). As expected, in 
the present study, the most productive trial had the lowest MOE, and vice versa with the greatest 
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MOE found at the least productive trial 451D. It has been shown that MOE and MfA are at least as 
important as density for solid wood products (Cave & Walker 1994; Evans & Ilic 2001); however 
no published data was found for MOE and MfA for Corymbia species.  
Provenance effects  
Growth rates of CCV reported in the literature differ considerably. Dickinson et al. (2004) reported 
tree height of 1.2 to 4.0 meters at ages 6 to 54 months at 22 sites examined in Queensland. Lee 
(2007) reported that CCV Woondum provenance reached 9.0 meters in height and 7.8 cm in 
diameter at breast height over bark (DBH) at 54 months after planting on a replicated trial near 
Kingaroy on a red Ferrosol soil. Johnson et al. (2009) found that the averages of DBH and height of 
twenty-three provenances were 3.8 cm and 4.3 meters respectively at 41 months in northeast New 
South Wales. The trial means of DBH at four trials at three-year old, and two trials at six-year old, 
established in southeast Queensland, ranged from 5.0 to 8.1 cm, and 5.8 to 8.6 cm respectively (Lee 
et al. 2009). DBH also varied at different sites in northern New South Wales, with Listyanto et al. 
(2010) reporting that at six-year old, the largest DBH was observed at the trial with the highest 
annual rainfall. Although the variation in growth traits found among provenances was substantial, 
provenances originating from close geographical proximity (Figure 3.1) tended to perform similarly 
across the trials. Of the five coastal provenances of CCV, Woondum, Home and Wolvi ranked 
highly across the three trials, Brooyar and Curra also ranked similarly in the trial 451G. The two 
provenances from New South Wales (Cherry Tree and Richmond Range) had high and similar 
growth rates in trial 451G. Likewise, Mount Mee and D’Aguilar provenances had similar 
performances but, in terms of growth, with these two provenances displaying the poorest growth in 
451G. Similar results have been previously reported for these provenances (Dickinson et al. 2004; 
Johnson et al. 2009; Brawner et al. 2012). The faster growth rates of these provenances might 
reflect the greater levels of tolerance to the fungal pathogen Quambalaria (Dickinson et al. 2004; 
Lee et al. 2009). Subsequently the relatively poor productivity of several provenances (Brooyar, 
D’Aguilar, Esk, Lockyer, Mount-Mee and SA-CSO) might be because of the low levels of tolerance 
to the Quambalaria at early ages (Brawner et al. 2011). 
Brawner at al. (2012) reported wood density and KPY estimates for only five provenances in these 
three trials. The current study, however, estimated wood density and KPY for all provenances 
across trials 451D and 451G, and four provenances included in trial 451C, and also assessed two 
more wood quality traits (MOE and MfA). The main results found for wood properties in the 
present study were, similar to growth traits, provenances which were sourced from close proximity 
performing similarly. Of these, four provenances originating from near Gympie in Queensland 
(Brooyar, Home, Wolvi and Woondum) had the highest KPY across the three trials. In contrast, 
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wood density, MOE and MfA of these four provenances were the lowest across sites. The two 
provenances sourced from further south in Queensland (Mount Mee and D’Aguilar) also performed 
similarly in trial 451G in terms of KPY, MOE and MfA. In addition, the wood properties for 
provenances from New South Wales that were from similar geographic locations (e.g. Boundary 
Creek and Kangaroo provenances in trial 451D, and Cherry Tree and Richmond Range provenances 
in trial 451G) were comparable (see Figure 3.1).      
Wood samples were collected for all provenances in trials 451D and 451G that may lead to the 
significant differences (p < 0.05) for all wood quality traits in these two trials. The three 
provenances originating from Queensland and having superior growth rates across sites (Woondum, 
Wolvi and Home) had the greatest KPY; however the wood density of these provenances were 
lowest at trial 451D and average at trial 451G. This is reflected in the positive (volume and KPY) 
and negative (KPY and density) correlations at the provenance level between these traits (Table 
3.5). Furthermore, it could be the case in the profiles of MOE and MfA, the correlations at the 
provenance level between KPY and these two traits were highly negative, and Woondum; Wolvi; 
and Home provenances had the lowest values of MOE and MfA. 
Genetic parameter estimates 
Heritability estimates from analyses of individual trials were, for most traits, less than those 
estimated from across-trial analyses, which is surprising since the opposite trend is expected due to 
confounding effects of genotype × site interactions in single trial analyses. For growth traits, 
previous estimates of narrow-sense heritability for CCV at a single trial in northeast New South 
Wales were 0.23 for DBH and 0.32 for height (Johnson et al. 2009). Cornelius (1994) summarised 
mean values of individual-tree narrow sense heritability for many forest tree species compiled from 
67 published studies, the mean values were 0.19 for DBH, 0.25 for height and 0.18 for volume. The 
current estimates for these growth traits were somewhat higher than expected, and these may have 
resulted from the use of one-third rather than 1/2.5 for the coefficient of relationship among families 
(as recommended for eucalypt species). Also, heavy thinning in trials 451C and 451G may have 
affected heritability estimates. Thinning producing higher heritability estimates in growth than the 
un-thinned progeny trials of Pinus radiata have been reported by Matheson and Raymond (1984) 
and Cotterill and Dean (1988). In eucalypt species, overestimation of narrow-sense heritability from 
open-pollinated populations can be a result from the susceptibility of growth to inbreeding 
depression (Hardner & Potts 1995), which arise from selfing or bi-parental inbreeding under open-
pollination (Hodge et al. 1996). CCV has a mixed mating system of reproduction, with a species-
level outcrossing rate estimated close to 90% (Bacles et al. 2009). Although across-site heritability 
estimate for volume at three years of age were similar, the current estimate at seven years of age 
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was somewhat greater than those estimated at six years of age in Brawner et al. (2012). Type-B 
correlations among the trials for growth traits were highly positive at both the family and 
provenance levels implying that there is little genotype by site interaction (Burdon 1977), hence all 
data can be used to predict one set of breeding values. Nevertheless the trial sites are relatively close 
together, and so a greater impact of genotype by site interaction may be expected if evaluated over 
more diverse environments. Very high age-age correlations for all growth traits were found 
indicating little change in family and provenance rankings between the two age assessments, 
indicating selection at 3 years of age is equally as effective as selection at 7 years of age and that 
thinning did not impact on the ranking of provenances and families within provenances. Genetic 
correlations estimated across-sites for growth traits align with results for CCV reported by Johnson 
et al. (2009). 
For wood quality traits, parameter estimates for wood density and KPY showed similar trends to 
those reported by Brawner et al. (2012), with Table 3.6b demonstrating differences between trials, 
with trial 451C exhibiting low levels of genetic control compared to the other two trials. However, 
the relative levels of family and provenance variation for wood traits were markedly different. 
Given the estimates used in this study were generated using a greater number of trees and a wider 
range of populations, these estimates should better represent the true genetic parameters in CCV. In 
comparison to Brawner et al. (2012), the current across-site heritability estimates for KPY and 
wood density were somewhat smaller, and as expected, the proportion of phenotypic variance 
attributable to provenances were higher. Across-site narrow-sense heritability estimates for density 
and pulp yield for Eucalyptus globulus varied from 0.37 to 0.44 and 0.42 to 0.43 respectively 
(Apiolaza et al. 2005; Costa E Silva et al. 2009). These values are close to the estimates found here 
for CCV, indicating that wood density and pulp yield are under a high level of genetic control. 
Although parameters for MOE and MfA in softwood species can be found elsewhere (Hannrup et 
al. 2004; Dungey et al. 2006; Baltunis et al. 2007; Gaspar et al. 2009; Grans et al. 2009; Steffenrem 
et al. 2009), little information of genetic parameters for hardwood species have been reported in the 
published literature. The present study found, when compared to other studied traits, heritability 
estimated for MOE and MfA were high, with these two traits being more heritable than the other 
traits studied in CCV. On the other hand, Apiolaza et al. (2005) found, in a single site, the 
heritability estimate for MfA for E. globulus was low (0.27) and not significantly different from 
zero. The additive genetic correlation between KPY and wood density, in this study, was weak but 
positive, indicating that these traits are inherited largely independently from each other. In contrast, 
both KPY and wood density were positively and strongly correlated with MOE, suggesting that 
selection for these traits will have a positive effect on one another. The strongly negative additive 
genetic correlations between MfA and all other wood quality traits also imply favourable genetic 
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relationships for wood quality traits, because lower MfA is preferred for solid wood products 
(Downes et al. 1997). The findings of strongly positive genetic correlation estimates among trials 
suggest the low genotype by site interaction for wood properties in CCV.     
There has been relatively little information on the relations among growth and wood properties for 
CCV. The current study found, at the family level, wood density and KPY had moderate genetic 
correlations with all examined growth traits, and these correlations agree with the findings in 
Brawner et al. (2012). However, studies of other hardwood species, particularly on the relationship 
between growth and wood density, are often conflicting with slightly (Borralho et al. 1993; 
Raymond & Schimleck 2002) and moderately positive (Malan 1991; Apiolaza et al. 2005) and even 
negative genetic correlations among growth, wood density and pulp yield have been found for 
Eucalyptus species (Costa E Silva et al. 2009). Nonetheless, slightly positive genetic relationships 
between growth and wood density have been obtained in other studies on E. globulus (Sanhueza et 
al. 2002; Stackpole et al. 2010). In this study, MOE had similar tendency with wood density and 
KPY in term of correlations with growth traits showing genetic correlation estimates between MOE 
and growth traits from 0.42 to 0.52 for CCV. Conversely, other studies have often shown negative 
genetic correlations between growth and stiffness in other forest tree species (Kumar 2004; Lasserre 
et al. 2004; Liu et al. 2007; Lasserre et al. 2009). The moderate negative genetic correlation 
estimates between growth rates and MfA found in the present study for CCV were favourable 
(Table 3.5). However, these findings contrast with several previous studies, which reported positive 
genetic correlations among growth rates and MfA (Baltunis et al. 2007; Grans et al. 2009). These 
indicate that the genetic correlations among growth and wood quality traits may depend upon site 
conditions and species studied. 
3.5. Conclusion 
Genetic parameters were estimated for ten traits in spotted gum, Corymbia citriodora subsp. 
variegata when evaluated on three sites in southeast Queensland. The estimates were obtained from 
family (open-pollinated) within provenance trials and estimates are reported at both the family and 
provenance levels. Narrow-sense heritability estimates were consistently greater than the proportion 
of provenance variance; indicating the greater importance of additive genetic variance compared to 
variance among provenances. In term of growth traits, heritability estimates were high for height 
and moderate for diameter at breast height and volume index at both assessment ages. For wood 
quality traits, the heritability estimates were lowest for KPY and highest for MOE, compared to 
moderate heritability estimates for wood density and MfA.   
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Provenance rankings for most growth and wood quality traits were relatively stable across sites. 
Genetic correlation estimates for the same trait assessed across trials were high at both the family 
and provenance levels, indicating that, for most examined traits, genotype by site interaction are of 
little significance, and should have modest impact on selection across the target environment of 
southeast Queensland. Very high age-age correlations for growth rates were found in this study and 
correlations amongst the growth and wood property traits examined were all favourable. Although 
MfA was negatively correlated with other wood quality traits and with growth traits, this indicates 
the reduced MfA is associated with increased values of the other traits, and so is favourable. These 
results support a breeding strategy for CCV that would involve: i) a single breeding program for the 
major target region of southeast Queensland; ii) selection of trees with highest breeding value 
across all provenances; iii) tandem selection for growth and wood property traits, involving early 
age selection for growth traits followed by multi-trait selection for wood and growth traits.  
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Appendices 
Appendix 3.1. Least square means of wood traits (standard errors in parentheses) for provenances assessed in the three trials 
451C 451D 451G 
Provenance PY (%) 
Den 
(kg/m3) 
MOE 
(GPa) 
MfA 
(degree) PY (%) 
Den 
(kg/m3) MOE (GPa) 
MfA 
(degree) PY (%) 
Den 
(kg/m3) MOE (GPa) MfA (degree) 
Bauple         53.0 (0.53) 815 (9) 20.1 (0.58) 19.2 (0.46)         
BoundaryCreek         52.6 (0.41) 785 (7) 22.8 (0.45) 19.1 (0.36) 51.7 (0.87) 773 (8) 19.9 (0.84) 21.6 (0.76) 
Brooyar 54.6 (0.45) 754 (8) 16.5 (0.6) 18.0 (0.5) 54.1 (0.37) 766 (7) 16.8 (0.4) 18.0 (0.40) 54.6 (0.57) 780 (8) 18.4 (0.62) 17.4 (0.47) 
CherryTree                 51.0 (0.31) 779 (5) 19.9 (0.33) 22.3 (0.27) 
Curra                 52.4 (0.36) 764 (6) 17.3 (0.43) 20.6 (0.29) 
DAguilar                 50.6 (0.34) 764 (5) 18.3 (0.36) 23.4 (0.30) 
Dalmorton         52.3 (0.64) 768 (11) 22.3 (0.68) 19.4 (0.53) 52.8 (1.12) 774 (9) 20.3 (1.0) 20.9 (1.0) 
Esk         51.6 (0.70) 813 (12) 23.0 (0.72) 19.9 (0.55)         
Home 55.4 (0.36) 735 (6) 16.7 (0.4) 16.9 (0.3) 55.4 (0.30) 757 (6) 16.9 (0.34) 17.6 (0.28) 55.5 (0.52) 770 (7) 17.7 (0.57) 17.3 (0.43) 
Kangaroo         52.2 (0.56) 784 (10) 22.1 (0.61) 20.2 (0.48)         
Lockyer         49.8 (0.82) 786 (14) 21.2 (0.89) 20.5 (0.66)         
Mount-Mee                 50.5 (0.30) 776 (5) 18.9 (0.33) 23.2 (0.27) 
RichmondRange         51.4 (0.48) 807 (9) 22.5 (0.53) 20.3 (0.43) 50.1 (0.65) 775 (8) 19.5 (0.66) 22.1 (0.56) 
WeddingBells         50.9 (0.47) 793 (8) 22.2 (0.5) 20.2 (0.40)         
Wolvi 55.0 (0.32) 748 (5) 17.2 (0.3) 17.2 (0.3  55.5 (0.26) 749 (5) 17.0 (0.29) 17.3 (0.24) 55.2 (0.45) 770 (7) 17.3 (0.49) 17.8 (0.38) 
Wondai         54.2 (1.11) 774 (17) 23.2 (1.2) 18.9 (0.83)         
Woondum 55.1 (0.27) 757 (4) 17.4 (0.3) 17.2 (0.3) 55.5 (0.12) 749 (4) 16.7 (0.18) 17.6 (0.15) 55.9 (0.21) 763 (3) 16.9 (0.22) 17.7 (0.18) 
Note: Trait abbreviations are as given in Table 3.3 
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CHAPTER 4: GENETIC PARAMETER ESTIMATES OF GROWTH AND WOOD 
PROPERTIES IN EUCALYPTUS PELLITA F. MUELL TO SUPPORT TREE BREEDING 
IN VIETNAM 
Abstract 
Genetic parameters for diameter at breast height over bark (DBH), wood basic density (DEN), Kraft 
pulp yield (KPY), modulus of elasticity (MOE) and microfibril angle (MfA) were estimated using 
data collected from two ten-year-old, open-pollinated progeny trials of E. pellita. These trials 
contained a total of 104 families from 6 provenances and 3 seedling seed orchard sources, and were 
established in Vietnam to investigate the genetic control of traits impacting on the production of 
both sawn timber and pulp wood, as well as to provide a source of improved seed (following 
thinning to convert into seedling seed orchards). Narrow-sense heritability estimates from the 
thinned trials were consistently lower in the first trial: 0.14 ± 0.08 and 0.41 ± 0.12 for DBH; 0.20 ± 
0.07 and 0.25 ± 0.13 for DEN; 0.28 ± 0.13 and 0.46 ± 0.13 for KPY; 0.35 ± 0.14 and 0.51 ± 0.14 
for MOE; and 0.14 ± 0.12 and 0.49 ± 0.13 for MfA in these two trials. Genetic correlations 
involving DBH were variable: neutral with DEN (zero), weak and unfavourable (-0.12) with KPY, 
but moderate and favourable with both MOE and MfA (0.26 and -0.19 respectively). The other 
correlations involving DEN were weak for KPY (-0.07), strong and favourable with MOE and MfA 
(0.78 and -0.65 respectively). The genetic correlation estimates between both KPY and MfA and 
KPY and MOE were moderate and favourable. While the correlation between MOE and MfA was 
not estimable, given the pattern of other trait-trait correlations, the correlation between these two 
traits is expected to be negative (i.e. favourable). Type-B genetic correlations approached or 
equalled one for all traits, even though the two trials differed substantially in elevation and latitude, 
suggesting genotype by environment interactions were of little importance.  
These results indicate that selection of the best individuals (i.e. those with highest breeding values) 
across all seed sources of E. pellita is likely to lead to significant gains in key growth and wood 
property traits, as heritabilities of these traits are moderate to high and variation between seed 
sources is relatively small compared to variation between families for all traits except density. 
Given the observed trait-trait correlations, multi-trait selection in E. pellita can be expected to lead 
gains in both growth and wood property traits, improving the suitability of the species for 
production of both timber and pulpwood. 
4.1. Introduction 
Eucalyptus pellita F. Muell, or red mahogany, is a medium to large tree which can grow up to 40 m 
in height and over 1 m in diameter (Harwood 1998; Dombro 2010). Timber of this species from 
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natural stands is easily sawn and suitable for poles, flooring, panelling and general construction 
(Hillis & Brown 1978; Harwood 1998). There are two disjunct areas of natural forest where 
E. pellita occurs: southern New Guinea (across both Papua New Guinea and Irian Jaya) and 
northern Queensland, Australia. The species currently plays an important role in reforestation in 
countries such as Brazil, Cuba, Indonesia, Malaysia and the Philippines and has been identified as 
suitable for plantation establishment on coastal sites in northern Queensland (Clarke et al. 2009). 
Eucalyptus species are grown widely for pulp production in many countries (Eldridge et al. 1993; 
Poke & Raymond 2006) and are an important source of short fibre cellulosic pulp, which is used for 
high quality writing and printing paper or tissue products (Raymond 2002; Raymond & Schimleck 
2002; Schimleck et al. 2006b). As with many other eucalypts, E. pellita is used for a variety of 
products. Sawn timber of red mahogany is used to make fine furniture, in construction and for many 
other purposes (Clarke et al. 2009). In addition, E. pellita is also one of the preferred raw materials 
for the pulp and paper industry (Dombro 2010); its Kraft pulping and paper-making properties are 
acceptable, being very similar to those of plantation-grown E. urophylla of the same age and 
slightly inferior to those of plantation-grown E. globulus (Clarke et al. 2009). 
Attributes that make this species attractive for plantation establishment are fast growth, good stem 
straightness, good coppicing ability, broad adaptation to a range of environmental conditions, good 
resistance to pests and diseases and suitability for a variety of wood products (Clarke et al. 2009). 
Consequently, E. pellita is currently one of the main species used in afforestation in several 
countries (Harwood 1998; Leksono et al. 2008; Clarke et al. 2009; Brawner et al. 2010). In 
Vietnam eucalypts are one of the most important groups of plantation species; supplying both solid 
wood and pulpwood for industrial applications. Several progeny trials and seed orchards of 
E. pellita have been established across the country since 2002 (Kha et al. 2003). A better 
understanding of the genetic control of growth and wood properties in E. pellita is required to 
support its use in industrial plantation establishment.  
The present study used two progeny trials of E. pellita established in Vietnam to investigate the 
genetic control of growth and wood properties in 104 open-pollinated families derived from 9 seed 
sources (3 first generation seed orchards in Australia and 6 provenance collections from the native 
stands). The objectives were to: compare diameter at breast height (DBH), Kraft pulp yield (KPY), 
basic density (DEN), modulus of elasticity (MOE) and microfibril angle (MfA) among the seed 
sources; partition variation for all traits into genetic and environmental components and estimate the 
heritability of the traits; and estimate the genetic correlations among traits and trials. These 
parameters are important to estimate the direct and indirect responses from selection, and to guide 
the development of E. pellita breeding programs.    
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4.2. Materials and methods 
Study trials, genetic materials and assessment 
This study evaluated two open-pollinated progeny trials of E. pellita at ten years of age that were 
established in Vietnam in 2002 (Figure 4.1; Table 4.1). Trials were derived from open-pollinated 
seed that had been collected from either selections within seedling seed orchards of range-wide 
collections (SSO; 3 seed orchards) or natural stands of E. pellita (6 provenances). The three 
seedling seed orchards were developed in Australia following a thinning protocol similar to that 
described below for the trials assessed for this study and are described in full by Harwood et al. 
(1997). Based upon the results of Harwood et al. (1997), which showed the Queensland populations 
were less productive than New Guinea populations, all selections from SSOs were derived from 
New Guinea families and all native range populations were also of New Guinea origin (Table 4.2). 
There were 94 and 98 families in the Vietnamese trials established near Pleiku and Bau Bang, 
respectively, with a total of 104 families represented in the trials. The number of families in 
common within each seed source varied from 4 to 32 between the two trials with the composition of 
the two trials relatively balanced with respect to families within seed sources.  
The two trials differed in growing conditions, with a strong contrast in elevation, temperature and 
rainfall (Table 4.1).  Trial 1 (Pleiku) was established in the central highland plateau of Vietnam at 
an elevation of 780 m asl in a cooler and lower rainfall environment. Trial 2 (Bau Bang) was 
located further south at a low elevation (45 m asl), approximately 60 km from Ho Chi Minh city. 
Both trials were established using a row-column design generated using the CycDesign (Williams et 
al. 2002). These trials were managed for conversion into seedling seed orchards by progressively 
removing inferior individual trees within family plots, in order to provide a source of improved seed 
for use in further plantation development. Both trials were thinned twice, with trial 1 thinned in 
2007 and 2009 and trial 2 thinned in 2005 and 2007. After the first thinning of the four-tree row-
plots, the best two trees were retained in each plot, with the subsequent thinning leaving the single 
best tree in each plot.  
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Figure 4.1. Locations of the E. pellita trials in Vietnam (indicated by + symbol) relative to Ho 
Chi Minh City and Hanoi. 
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Table 4.1. Location and design details of theE. pellita open-pollinated progeny trials 
established in Vietnam. 
Description Trial 
1 2 
Location Pleiku - Gia Lai Bau Bang - Binh Duong 
Latitude 13
°
58
´
 N 11
°
16
´
 N 
Longitude 108
°
01
´
 E 106
°
37
´
 E 
Elevation (m asl) 780 45 
Mean annual precipitation  
(mm) 
1900 2200 
Genetic material
1 
9 (94) 9 (98) 
Number of replicates 6 8 
Number of trees per plot
2 
4 4 
Initial spacing 4 x 1.5 m 4 x 1.5 m 
No. of trees at establishment
2 
2496 4200 
No. of trees after thinning
3 
657 470 
Planted date 09/2002 08/2002 
1
Genetic material included in trials with number of seed sources followed by the total number of families in 
parentheses. 
2
Number of trees at establishment. Each four-tree row-plot consists of a single open-pollinated family. 
3
Number of trees at the time of assessment in 2012 after the second thinning that retained the one best tree per plot. 
Table 4.2. Genetic materials included in the two E. pellita progeny trials in Vietnam. 
Seed Source Location State/province Country Number of 
families 
within trials 
Latitude 
(
°
N´) 
Longitude 
(
°
E
´
) 
Elevation 
(m) 
1 2 
17854 Bupul 
Muting 
Irian Jaya Indonesia 10 12 7.21 140.36 40 
18197 South of 
Kiriwo 
WP PNG 4 4 8.25 141.30 45 
18199 Serisa 
Village 
WP PNG 31 32 8.36 141.26 45 
18955 Serisa WP PNG 7 7 8.33 141.26 45 
19206 Kiriwo WP PNG 4 6 8.25 141.30 45 
19207 Goe WP PNG 7 7 8.20 141.32 50 
19616 Kairi 
SSO  
QLD Australia 6 6 17.12 145.34 715 
19673 Cardwell 
SSO 
QLD Australia 11 11 18.24 146.06 20 
19718 Melville 
SSO 
NT Australia 14 13 11.34 130.34 20 
Note:  Seed source numbers are as allocated by CSIRO. WP = Western Province, PNG = Papua New Guinea, NT = 
Northern Territory; QLD = Queensland, and SSO = seed seedling orchard  
Diameters were measured and wood samples were collected from all remaining trees across the two 
trials in March 2012. Diameter over bark at breast height (1.3 m [DBH]) was measured for all stems 
using a diameter tape. Wood samples collected, assessed traits and near infrared spectroscopy used 
to predict wood properties were the same procedure as detailed in Chapter 2.  
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Statistical analyses 
Analyses of all data were conducted using Genstat version 16.0 (www.vsni.co.uk). All across-trial 
analyses were indexed by trial and data was standardized by trial and replicate within trial to have a 
zero mean and a phenotypic variance of one in order to eliminate interaction due to scale effects 
(White et al. 2007). Mixed linear models were used to estimate genetic parameters using restricted 
maximum likelihood (REML, Patterson & Thompson 1971) and to generate best linear unbiased 
prediction (BLUPs, White & Hodge 1989) of the parental breeding values. Z-tests were conducted 
to determine if random effects were significantly different from zero and Wald statistics were used 
to test the significance of fixed effects. All models assumed that the random effects were normally 
distributed with expectations of zero and corresponding variances. Estimates of genetic parameters 
were approximated using the observed components of variance estimated from the general linear 
model following Brawner et al. (2011): 
yi = Xbi + Zui + ei   (Eq. 4.1), 
where yi refers to phenotypic observations that are indexed by trait i in bivariate models; bi is the 
vector of fixed effects; ui is the vector of random effects; X is the incidence matrix relating the yi 
observations to the bi fixed effects; Z is the incidence matrix relating the yi observations to the ui 
random effects; and ei is the vector of random error terms.  
Single-trial analyses 
Single-trial analyses were first conducted separately to obtain estimates of variance components for 
each trait in each trial. The models included terms for random seed source and family (within seed 
source) effects in ui; where, S
2ˆ and 2ˆFamily are the estimated variance components associated with 
these random effects, respectively. The family by replicate interaction effect was used to account 
for plots within trial, and the seed source by replicate interaction was pooled with the residual to 
eliminate singularities caused by trials containing different sets of families within the same seed 
source. The overall trial mean and replicates within trial were included as fixed effects in bi. 
Bivariate analyses between traits 
Bivariate analyses were then undertaken between the traits across the two trials. Variance 
components obtained from these analyses were used to estimate correlations referred to as type-A 
genetic correlation (White et al. 2007). For these bivariate analyses, variance and covariance 
estimates for all traits were taken from a linear mixed-effects model as follows: 
yi = Xibi + Zqiqi + Zuiui + Zpipi + ei       (Eq. 4.2), where, 
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yi is the vector of observations that is indexed i by each trait; yi =  
𝒚𝒕𝒓𝒂𝒊𝒕𝟏
𝒚𝒕𝒓𝒂𝒊𝒕𝟐
 ; 
bi is the vector of fixed effects representing the trial mean for each trait, replication  and plot 
effects; Xi is the incidence matrix relating the yi to the bi fixed effects, Xibi =  
𝑿𝟏 𝟎
𝟎 𝑿𝟐
  
𝒃𝟏
𝒃𝟐
 , 0 is 
the null matrix; qi is the vector of random seed source effects ~MVN (0, L⊗Ii) where L = 
 
2
1
ˆ
S 2,1ˆS
2,1
ˆ
S
2
2
ˆ
S
 , ⊗is the Kronecker product and Ii is an identity matrix of size equal to the number 
seed sources, 2ˆ
iS
 is the seed source variance for trait i and 
2,1
ˆ
S is the covariance between seed 
sources for traits 1 and 2; ui is the vector of random open-pollinated family within seed source 
effects ~MVN (0, G⊗Ii) where G =  
2
1
ˆ
Family 2,1ˆFamily
2,1
ˆ
Family
2
2
ˆ
Family
  with variance between families ( 2ˆ
iFamily
 ) 
for the first and second traits, and between-trait family covariances (
2,1
ˆ
Family ); pi is the vector of 
random replicate by family within seed source interactions ~MVN (0, M⊗Ii) where M = 
 
2
Repx 1
ˆ
Family 1,2Repxˆ Family
1,2Repx
ˆ
Family
2
Repx 2
ˆ
Family
 , 2Repxˆ iFamily is the replicate variance for trait i and 2,1Repxˆ Family is replicate 
covariance between traits 1 and 2; and, ei is the vector of random residuals  ~MVN (R⊗I) where 
residuals were heterogeneous across traits, where R =  
2
1
ˆ
Error 1,2ˆError
1,2
ˆ
Error
2
2
ˆ
Error
 , 2
1
ˆ
Error is the error variance 
for trait i, 
2,1
ˆ
Error is the between-trait error covariance.  
Across-trial analyses 
Across-trial analyses for the same trait measured in two different trials were conducted to 
investigate environmental stability with type-B correlations (Burdon 1977) and to estimate 
population wide genetic parameters. A similar linear mixed model (Eq. 4.2) as what is described 
above for paired-trait analyses was used for the across-trial analyses of each trait, except the model 
was indexed by trial identification rather than assessment trait, where, yi is the vector of 
observations indexed (i) by trial:   
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yi =  
𝒚𝒕𝒓𝒊𝒂𝒍𝟏
𝒚𝒕𝒓𝒊𝒂𝒍𝟐
 ; bi and Xi are defined as above; qi is the vector of random seed source effects 
~MVN(0, L⊗Ii), where L = 
2
1
ˆ
S 1,2Sr
1,2S
r 2
2
ˆ
S
  is a uniform correlation matrix, 
xS
r is a constant between-
trial correlation, and 2ˆ
NS
 is among-seed source variance in trials 1 to 2 for the trait; ui is the vector 
of random family within seed source effects ~MVN (0, G⊗Ii), where  
Gi =  
2
1
ˆ
Family 2,1ˆFamily
2,1
ˆ
Family
2
2
ˆ
Family
  is an unstructured variance/covariance matrix with 2ˆ
NFamily
 estimated for 
trait in each of the two trials and 
NNFamily ,
ˆ is the genetic covariance estimated between each pair of 
trials; ni and pi is defined as above; M is a diagonal matrix of heterogeneous trial-specific plot 
variances; ei is defined as above; R is a diagonal matrix of the between-trial error variances.  
Estimates of all model parameter were unconstrained, with the exception of the model used for the 
supplementary analysis of seed source interaction where all covariance components were 
constrained to keep parameters within the theoretical parameter space.  
Derivation of genetic parameters, narrow-sense heritability; proportion of provenance variation; 
family trait-trait (type-A) correlations; seed source type-A correlations; family site-site (type-B) 
correlations; and seed source type-B correlations, were estimated using formulae given in Chapter 
3. 
4.3. Results 
Results from single-trial analyses 
Variation among trials 
Summary statistics, biased narrow-sense heritability and provenance proportion of phenotypic 
variance estimates are given in Table 4.3. Mean values of most traits differed significantly between 
the two progeny trials. For growth, the mean value of DBH was significantly (p < 0.001) greater in 
the Bau Bang trial, 21.0 cm compared to 16.8 cm in the Pleiku trial. In terms of wood properties, 
DEN and MOE had higher overall means in the Bau Bang trial; trial means for DEN were 
statistically different (p < 0.001) but trial means for MOE did not differ significantly (p = 0.098). 
Nonetheless, significantly (p < 0.01) greater KPY and MfA were observed in the Pleiku trial, 46.8 
% and 15.1 degrees compared with 45.5 % and 14.5 degrees in the Bau Bang trial. Estimates of 
both biased narrow-sense heritability and provenance proportion of phenotypic variance for most 
traits were much larger in the Bau Bang trial. The only exception was DEN where estimates of 
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single-trial genetic parameters, were almost identical in the two trials. When comparing among 
traits, MOE had the highest single-trial heritability estimates for the trait assessed at both trials, 
while DBH and MfA were the lowest at the Pleiku trial, and DEN was lowest at the Bau Bang trial.  
Table 4.3. Growth and wood traits from two progeny trials of Eucalyptus pellita established in 
Vietnam. Overall mean, range of variation, estimates of biased narrow-sense heritability and 
seed source proportion of phenotypic variance from single-trial analyses (standard errors of 
means in parentheses). 
Trait
1 
Trial
 
Mean 
Range
2 
2hˆ  2Pˆ  Min. Max. 
DBH (cm) Pleiku 16.8 (0.2) 10.8 25.5 0.14 (0.08) 0.01 (0.02) 
Bau Bang 21.0 (0.3) 9.3 34 0.33 (0.11) 0.04 (0.04) 
DEN (kg/m
3
) Pleiku 657 (3) 554 829 0.23 (0.13) 0.04 (0.04) 
Bau Bang 665 (3) 569 779 0.25 (0.10) 0.05 (0.04) 
KPY (%) Pleiku 46.8 (0.1) 42.6 51.7 0.29 (0.14) 0.03 (0.02) 
Bau Bang 45.5 (0.2) 39.3 50.3 0.47 (0.13) 0.11 (0.07) 
MOE (GPa) Pleiku 19.0 (0.2) 13.3 27 0.36 (0.14) 0.03 (0.03) 
Bau Bang 19.5 (0.2) 13.6 29.5 0.51 (0.14) 0.10 (0.07) 
MfA (degree) Pleiku 15.1 (0.1) 11 18.7 0.14 (0.12) 0.02 (0.02) 
Bau Bang 14.5 (0.2) 9 19 0.48 (0.13) 0.10 (0.06) 
1
DBH = diameter at breast height over bark; DEN = wood basic density; KPY = Kraft pulp yield; MOE = modulus of 
elasticity; and MfA = microfibril angle. 
2
Minimum and maximum values of individual traits observed in each trial. 
Variation among seed sources 
The differences between seed sources were statistically significant (p = 0.013 to < 0.001) for all the 
traits evaluated (Table 4.4).  
Of the nine seed sources included in the two trials, two (19616 and 19718) grew consistently well in 
both trials. These originated from the seedling seed orchards in the highlands of Queensland and the 
monsoonal lowland environment of the Northern Territory, Australia, with 19616 ranked first and 
second, and 19718 ranked third in both the Pleiku and Bau Bang trials. DBH of these sources were 
significantly different from most other sources and from trial means (p = 0.013 and p < 0.001 in the 
Pleiku and Bau Bang trials respectively). There were two interactive seed sources, 18197 and 19673 
(originating from south of Kiriwo, Papua New Guinea and Cardwell SSO in Queensland, Australia, 
respectively), which performed well in only one trial. Source 18197 ranked second highest in the 
Pleiku trial but was ranked lowest in the Bau Bang trial, while 19673 ranked first in the Bau Bang 
trial, but only ranked sixth in the Pleiku trial (Table 4.4). With the exception of 18197, populations 
from the wild did not grow as well as the improved sources in either trial, demonstrating the 
combined effect of selection and increased outcrossing in these first generation trials.  Interestingly, 
some evidence of local adaptation was noted, as the highland seed orchard (19616) performed best 
in the highland trial (Pleiku) but changed rank across trials, while the lowland seed orchard (19673) 
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performing best in the lowland trial. While this may reflect the genetic composition of the families 
included in these trials from the first generation orchards, the lowland trial demonstrates a reversal 
of the SSO rankings with no significant differences between the two first generation trials evident. 
In terms of wood quality traits, sources 19718, 19616, 17854, and 18197 had the highest DEN and 
were significantly different from the Pleiku trial mean (p < 0.001), with 19718 and 17854 
demonstrating superiority in the Bau Bang trial. The other sources had lower DEN and/or were not 
significantly different (p > 0.05) from the trial mean. For KPY, rankings were inconsistent for most 
sources across the two trials; however, 18197 and 19718 ranked well in both the Pleiku and Bau 
Bang trials. The inconsistency in rankings is demonstrated by 19673, which ranked first in the 
Pleiku trial and ranked eighth in the Bau Bang trial for KPY. Differentiation among seedlots reflects 
the seed source proportion of phenotypic variance (
2Pˆ ) estimates of Table 4.3 with a much smaller 
level of variation accounted for by seed sources evident in Pleiku (0.03) relative to Bau Bang 
(0.11). While only one source (19673) was found to have significantly (p = 0.005) greater KPY than 
the trial mean at the Pleiku trial, significant (p < 0.001) differences in KPY from the trial mean 
were found for three sources (18197, 19206 and 19718) at the Bau Bang trial. In contrast to KPY, 
three sources (18197, 19718 and 19673) had significantly higher MOE than the trial mean in the 
Pleiku trial; however, there was only one source (19673) in the Bau Bang trial with MOE 
significantly higher than the trial mean. For MfA, the best source in the Bau Bang trial was 19673 
with the lowest MFA (13.6 degrees). Three other sources (18197, 19206 and 19718) also had 
significantly (p < 0.001) lower MfA than the trial mean in this trial. In the Pleiku trial, two sources 
(18197 and 19718) had the lowest MfA (14.7 and 14.8 respectively) and were significantly less than 
the trial mean (p = 0.009) (see Table 4.4). 
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Table 4.4. Best linear unbiased predictions (standard errors as given by Genstat version 16.0 in parentheses) for growth and wood quality 
traits for the seed sources evaluated in the two Eucalyptus pellita open-pollinated progeny trials in Vietnam. 
Source 
N 
Trait 
DBH (cm) DEN (kg/m
3
) KPY (%) MOE (GPa) MFA (degree) 
Pleiku 
Bau 
Bang Pleiku 
Bau 
Bang Pleiku 
Bau 
Bang Pleiku 
Bau 
Bang Pleiku 
Bau 
Bang Pleiku 
Bau 
Bang 
17854 48 77 16.8 (0.5) 20.7 (0.4) 666 (8) 675 (4) 46.8 (0.2) 45.5 (0.2) 19.2 (0.3) 19.2 (0.2) 15.1 (0.2) 14.8 (0.2) 
18197 17 24 17.5 (0.6) 20.0 (0.7) 664 (10) 660 (7) 47.0 (0.4) 46.3 (0.4) 19.8 (0.5) 19.7 (0.4) 14.7 (0.3) 14.2 (0.3) 
18199 131 202 16.6 (0.4) 20.1 (0.3) 648 (6) 659 (2) 46.7 (0.1) 45.5 (0.1) 18.4 (0.2) 18.8 (0.1) 15.4 (0.1) 14.9 (0.1) 
18955 31 40 16.1 (0.5) 20.1 (0.6) 640 (8) 655 (5) 46.8 (0.3) 45.6 (0.3) 18.3 (0.4) 18.4 (0.3) 15.4 (0.2) 15.2 (0.2) 
19206 19 39 16.2 (0.6) 20.0 (0.6) 655 (10) 668 (5) 46.5 (0.3) 46.0 (0.3) 18.6 (0.5) 19.7 (0.3) 15.4 (0.3) 14.2 (0.2) 
19207 33 40 16.4 (0.5) 20.9 (0.6) 651 (8) 670 (5) 46.2 (0.3) 45.7 (0.3) 18.7 (0.4) 19.5 (0.3) 15.0 (0.2) 14.3 (0.2) 
19616 31 37 17.9 (0.5) 22.1 (0.6) 666 (8) 665 (6) 46.3 (0.3) 44.0 (0.3) 19.0 (0.4) 19.7 (0.3) 15.0 (0.2) 14.6 (0.2) 
19673 40 67 16.5 (0.5) 22.2 (0.5) 658 (8) 651 (4) 47.5 (0.2) 45.1 (0.2) 19.3 (0.4) 20.9 (0.2) 15.1 (0.2) 13.6 (0.2) 
19718 120 131 17.2 (0.4) 21.9 (0.4) 667 (6) 676 (3) 47.0 (0.1) 46.0 (0.2) 19.6 (0.2) 19.8 (0.2) 14.8 (0.1) 14.2 (0.1) 
Mean 52 73 16.8 (0.2) 21.0 (0.3) 657 (3) 665 (3) 46.8 (0.1) 45.5 (0.2) 18.9 (0.2) 19.5 (0.2) 15.1 (0.1) 14.5 (0.2) 
Notes: Trait abbreviations and trials are as given in Table 4.3; N = number of observations assessed from each seed source. 
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Results from across-trial analyses 
Genetic parameter estimates from trait-trait correlations 
The across-trial (unbiased) narrow-sense heritability, seed source proportion of phenotypic 
variance, family genetic correlation and seed source genetic correlation estimates calculated using 
model 2 (Eq. 4.2) are presented in Table 4.5. For all traits, heritability estimates were far larger than 
the proportion of variance between seed sources; this indicates that additive variation was greater 
than the variance between seed sources. It should be noted that seed was sourced exclusively from 
New Guinea and so it is highly likely that the inclusion of populations from Queensland would have 
increased the proportion of variance between seed sources. Of these, the greatest heritability 
estimates were found for MOE and MfA (0.39 ± 0.09 and 0.37 ± 0.08 respectively) while the 
heritability of DBH was moderate (0.32 ± 0.08), and low for DEN (0.20 ± 0.07). In contrast to 
many other forest tree species, there was zero genetic correlation found for DBH and DEN at the 
family level and a high correlation  at the seed source level was associated with a high standard 
error (Table 4.5). Similarly, a very high correlation between DBH and MOE was found for seed 
sources, but the correlation was low at the family level. DBH was negatively correlated with both 
KPY and MfA at both the family and seed source levels. Among wood quality traits, MfA was 
moderately (-0.36) and strongly (-0.65) correlated at the family level with KPY and DEN 
respectively. Unfortunately, the genetic relationship between MfA and MOE was not estimable for 
this species as the convergence of REML analyses failed. A very low additive genetic correlation 
with high standard error was found between DEN and KPY with these two traits highly correlated 
with MOE (Table 4.5).  
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Table 4.5. Genetic parameter estimates from bivariate across-trial analyses of growth and 
wood traits assessed in two Eucalyptus pellita progeny trials. Family parameter estimates 
include narrow-sense heritability on the diagonal (bold) and type-A additive genetic 
correlations below the diagonal. Seed source parameter estimates include proportion of 
phenotypic variance on the diagonal and type-A seed sourcecorrelations below the diagonal 
(Approximate standard errors of estimates are given in parentheses). 
Trait DBH DEN KPY MOE MfA 
Family level parameter estimates 
DBH 0.32 (0.08) 
    DEN 0.00 (0.00) 0.20 (0.07) 
   KPY -0.12 (0.17) 0.07 (0.20) 0.34 (0.08) 
  MOE 0.26 (0.16) 0.78 (0.08) 0.52 (0.12) 0.39 (0.09) 
 MfA -0.19 (0.16) -0.65 (0.11) -0.36 (0.14) CF 0.37 (0.08) 
Seed source level parameter estimates 
DBH 0.02 (0.02) 
    DEN 0.76 (0.21) 0.04 (0.02) 
   KPY -0.31 (0.55) 0.17 (0.42) 0.04 (0.03) 
  MOE 0.93 (0.08) 0.29 (0.35) 0.05 (0.46) 0.07 (0.04) 
 MfA -0.82 (0.17) -0.26 (0.33) -0.22 (0.41) CF 0.06 (0.03) 
Notes: Trait abbreviations are as given in Table 4.3. CF = convergence failed. 
Genetic parameter estimates from trial-trial correlations 
Unbiased narrow-sense heritability and the seed source proportion of phenotypic variance estimates 
from across-trial analyses (Table 4.6) were similar to those estimated from single-trial analyses 
(Table 4.5) with single-trial heritability estimates typically higher than estimates from across-trial 
analyses. All type-B seed source correlations were moderate to strong with the exception of KPY 
(Table 4.6). The same pattern was evident for type-B additive genetic correlations indicating 
genotype by environment interactions were not significantly different from zero.    
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Table 4.6. Genetic parameter estimates from analyses for growth and wood traits in two E. pellita progeny trials. Narrow-sense heritability 
estimatesor the proportion of variance between seed sources are given on the diagonals (bold). Type-B (among trials) additive genetic and seed 
sources correlations are given below the diagonal. (Approximate standard errors of each estimate are given in the parentheses.) 
Trial/trait 
DBH DEN KPY MOE MFA 
Pleiku Bau Bang Pleiku Bau Bang Pleiku Bau Bang Pleiku Bau Bang Pleiku Bau Bang 
Family level parameter estimates 
Pleiku 0.30 (0.13) 
 
0.25 (0.13) 
 
0.28 (0.13) 
 
0.35 (0.14) 
 
0.14 (0.12) 
 
Bau Bang 1.0 (0.0) 0.41 (0.12) 0.71 (0.16) 0.25 (0.1) 0.85 (0.07) 0.46 (0.13) 0.60 (0.15) 0.51 (0.14) 1.0 (0.0) 0.49 (0.13) 
Seed source level parameter estimates 
Pleiku CF 
 
0.04 (0.03) 
 
0.03 (0.04) 
 
0.04 (0.03) 
 
0.02 (0.02) 
 
Bau Bang 
  
0.97 (0.04) 0.05 (0.03) 0.10 (0.61) 0.11 (0.08) 0.78 (0.21) 0.11 (0.07) 0.60 (0.23) 0.16 (0.04) 
Notes: Trait abbreviations and trials are as given in Table 4.3. CF = convergence failed 
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4.4. Discussion 
Trial means and variation among seed sources 
The representation of seed sources and families within seed source were similar in the two trials, 
therefore trial differences expressed in mean values are assumed to be caused largely by differences 
in the environmental conditions (Pliura et al. 2007) experienced by the progeny trials. The slower 
growth rate observed in the Pleiku trial was likely due to cooler and drier climatic conditions as this 
trial is located on the high central plateau in Vietnam. Significantly higher (p < 0.001) growth found 
in the Bau Bang trial, most probably resulting from higher annual rainfall and warmer temperatures 
associated with lower elevation and latitude of this trial (Table 1). Significant site-effects for growth 
traits (tree height and DBH) have been reported for E. pellita at four sites in Indonesia (Leksono et 
al. 2008). In comparison with a temperate eucalypt at a similar age (11 years of age), trial mean 
found for DBH at Bau Bang was similar with the overall mean of DBH of E. globulus reported by 
Apiolaza et al. (2005). Unexpectedly, higher wood density and MOE, and lower MfA were not 
observed in the less productive trial (Pleiku), as higher growth rates are expected to result in 
decreasing wood density and MOE, and increasing MfA (Zobel & van Buijtenen 1989; Desch & 
Dinwoodie 1996). In contrast, significantly (p < 0.05) greater KPY was evident at the Pleiku trial. 
DEN, MOE and MfA means found in the present study are somewhat higher than those previously 
reported in ITTO (2006) for E. pellita at 13 years of age (630 kg/m
3
, 17.3 GPa and 10.2 degrees 
respectively). Likewise, E. pellita had greater wood density means (657 and 665 kg/m
3
 in the Pleiku 
and Bau Bang trials respectively) when compared with trial means of E. globulus, with ranges from 
520 to 547 kg/m
3 
(Miranda & Pereira 2002), 492 kg/m
3 
(Apiolaza et al. 2005), and 482 to 488 
kg/m
3 
(Downes et al. 2006). Tran et al. (2010) also found lower wood density (521 kg/m
3
) for E. 
urophylla in a progeny trial established in northern Vietnam.  However, wood density observed in 
the present study was similar to that reported for E. pellita by Lee et al. (2011) and much lower than 
estimates (750 kg/m
3
) reported by Brawner et al. (2012) for another eucalypt species, Corymbia 
citriodora. In contrast with wood density, mean values of KPY found here (45.5 and 46.8%) were 
lower than those found for E. globulus: 56.9 to 60.9% (Miranda & Pereira 2002), 51.57% (Apiolaza 
et al. 2005) and 52.2% (Costa E Silva et al. 2009).        
Of the three seed sources that were collected from base population progeny trials that had been 
thinned into seedling seed orchards (SSO) in Australia, two (19616 from the highland tropics of 
Atherton Tablelands and 19718 from the monsoonal tropics of Melville Island) grew well across 
both trials. The third seed source, which originated from a progeny trial established in a high 
rainfall, lowland Australian environment, did not perform well in the drier, highland Vietnamese 
trial. The better seed sources were represented by open-pollinated families from trees selected in 
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thinned SSOs in Australia, with 19616 represented as open-pollinated families from 6 trees selected 
from within the Kairi progeny trial and 19718 represented by 13 or 14 families selected on Melville 
Island. The entire Kairi orchard was derived from Bupul-Muting (PNG) families and the Melville 
trial was derived from 7 provenances representing the range of the species. Both first and second 
generation families from New Guinea were used to establish these trials and this allows for 
comparisons between New Guinea populations sourced from either the wild or planted forests 
managed as seedling seed orchards established in Australia. These comparisons demonstrate 
improvement that has been achieved through selection or increased outcrossing in managed 
orchards. The average diameters of families sourced from the three Australian orchards were 4% to 
9% greater than the diameters of the families sourced from natural populations in New Guinea. This 
difference is still evident even after thinning of inferior trees. This may be interpreted as a genetic 
gain estimate suitable for a silviculture incorporating thinning, but may be inflated by not 
accounting for competition effects (between row plots).     
Several seed sources achieved high growth rates at only one site. For instance, 19673 (Cardwell 
SSO in the humid lowlands of Queensland) performed best (ranked first) in the Bau Bang trial, but 
grew poorly in the upland Pleiku trial. Wild material originating from the native forests of Papua 
New Guinea and Indonesia typically did not have high growth rates relative to families selected 
from the Australian SSOs. Nonetheless, at earlier ages in a trial established in Malaysia, the growth 
of two New Guinean provenances clearly out-performed the SSO seed sources, and Papua New 
Guinean provenances were superior to all Queensland provenances tested at a trial in the Northern 
Territory, Australia (Harwood et al. 1997). The growth of E. pellita found in the literature varies 
markedly. Kha et al. (2003) reported that at 8 years of age at central Vietnam DBH of six 
provenances ranged from 8.4 to 10.2 cm. At the same time, Hardiyanto (2003) showed that 
E. pellita grew much faster  in Indonesia, with DBH of 20.6 to 21.5 cm at 7.5 years of age. While 
studies on the growth rates for E. pellita are more abundant, little can be found for its wood 
properties. In this study, the source from Melville Island SSO (19718) was superior for wood 
quality traits across the two trials. This seed source not only grew well but also had relatively high 
DEN, KPY and MOE, and low MfA. Another seed source from the Kairi SSO in Queensland 
(19616) also grew well across the two trials; however, this seed source had lower KPY, although its 
DEN and MOE were quite high.  
Genetic parameter estimates 
Much has been written on the genetic parameters of growth traits of E. pellita. Estimates of biased 
narrow-sense heritability at younger ages (Luo et al. 2006) ranged from 0.19 ± 0.03 to 0.25 ± 0.05 
for DBH seem to fit reasonably with those found in the present study. However, the current across-
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trial (or unbiased) heritability estimates found for DBH are somewhat greater than those previously 
reported, with a range of 0.30 ± 0.13 to 0.41 ± 0.12 compared with 0.22 to 0.25 at six years of age 
(Leksono et al. 2006), and 0.15 to 0.25 (Leksono et al. 2008) and 0.15 to 0.33 (Brawner et al. 2010) 
at younger ages (one to three years of age). A reason for this may be the use of one-third rather than 
one-quarter for the coefficient of relationship (Hodge et al. 2002). Another factor may be the due to 
the fact that these trials were thinned twice and thinning typically inflates heritability estimates 
(Matheson & Raymond 1984). Across-trial heritability estimates for wood quality traits indicated 
that these traits are under moderate levels of genetic control. As the present study is the first to 
provide pair-site genetic parameter estimates for wood properties of E. pellita, comparisons are 
made with other Eucalyptus species.  
The heritability estimate for wood density (0.20 ± 0.07) found here was low when compared to the 
range of values reported previously for other eucalypts. Sanhueza et al. (2002) reported heritability 
estimates for pilodyn penetration ([PILO] an indirect measurement of wood density) of E. globulus 
at four and five years of age of 0.33 and 0.35 respectively. Moderate heritability (0.37) was also 
found for PILO of E. globulus grown in a range of sites in Portugal, with ages ranging from four to 
eleven years (Costa E Silva et al. 2009). These differences may be caused by a number of reasons, 
such as different tree species assessed, the methods of estimation of wood density (pilodyn 
penetration versus NIR spectroscopy) and the ages of trees. However, heritability estimates for 
KPY, MOE and MfA in the present study are within the range of those previously published 
elsewhere for eucalypts (Raymond 2002; Schimleck et al. 2004; Apiolaza et al. 2005; Costa E Silva 
et al. 2009). Estimates of the proportion of seed source variance were consistently lower than 
heritability estimates, suggesting additive variance is more important than variation amongst 
sources; however, as noted earlier this may result from the inclusion of families only from New 
Guinea provenance  
Genetic correlations are useful to understand the importance of acclimation for the species in a 
range of sites and to make inferences about indirect responses on one trait from selection on others. 
Of these traits, growth, wood density and KPY are of particular importance as they are the most 
important traits that can strongly impact pulp productivity (Borralho et al. 1993; Greaves et al. 
1997). The present study found, however, there was no additive genetic correlation among DBH 
and wood density, which agrees with Miranda et al. (2001) who also found no correlation between 
growth and wood density in E. globulus. The additive genetic correlation between DBH and KPY 
found here was unfavourable (negative, see Table 4.5). Nevertheless, reports from previous studies 
upon the correlations among growth and wood density, and growth and KPY are often conflicting. 
For E. globulus MacDonald et al. (1997) and Sanhueza et al. (2002) reported slightly positive 
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correlations among pilodyn and DBH, and for mean annual volume incrementand pilodyn (0.25 and 
a range of 0.09 to 0.22, respectively); however, other authors reported weak (Hamilton et al. 2010) 
to moderate (Wei & Borralho 1997; Apiolaza et al. 2005) negative correlations between wood 
density and DBH. Further, on two sites investigated for E. nitens, Hamilton et al. (2009) reported 
the additive genetic correlations among wood density and DBH were moderate and negative for one 
site and positive for the other. Similarly, for E. globulus, although the genetic correlation between 
KPY and DBH was positive in Costa E Silva et al. (2009),  it was negative in Apiolaza et al. 
(2005). These differences in the genetic correlations among growth and wood density, and growth 
and KPY may be due to the different ages of assessment at the same site (MacDonald et al. 1997; 
Hamilton et al. 2010) and different sites of assessment (Apiolaza et al. 2005; Costa E Silva et al. 
2009). In the present study, the genetic correlation obtained for wood density and KPY were 
positive but not significantly different from zero. This correlation for wood density and KPY is 
consistent with Costa E Silva et al. (2009) who showed a genetic correlation between pilodyn and 
pulp yield of 0.05. The strongly positive genetic correlation between MOE and wood density 
observed here corresponds with other studies on E. nitens (Blackburn et al. 2010) and softwood  
species (Dungey et al. 2006). While we were unable to calculate a correlation between MfA and 
MOE due to convergence failure in REML analyses, genetic correlations between MfA and all 
other traits were favourable in the current study, suggesting the genetic correlation between MfA 
and MOE is also likely to be favourable.  This was consistent with previous estimates of 
correlations among MfA and DBH, MfA and wood density, and MfA and KPY for other species 
(Apiolaza et al. 2005; Baltunis et al. 2007). 
Different traits had different magnitudes of genotype by environment interaction found in this study 
for E. pellita. On one hand, type-B genetic correlations among sites for DBH and MfA were both 
1.0, indicating that there was no genotype by environment interaction for these traits. This suggests 
that estimated breeding values for these two traits will rank similarly across sites. This does not 
seem to correspond with the findings of Brawner et al. (2010b), for DBH, the correlation between 
sites in Indonesia to be low to moderately high (0.49 to 0.79) . Type-B genetic correlations for 
wood density and KPY among trials were above 0.70, indicating little genotype by environment 
interaction. However, the genetic correlation estimate for MOE between the two trials was lower at 
0.60, suggesting some level of genotype by environment interaction for this trait. On the other hand, 
at the seed source level (with the exception for DBH as the convergence failed in REML analysis), 
type-B correlation for MfA among trials was only moderately high (0.60). In addition, type-B seed 
source correlation for KPY was very small and not significantly different from zero. This implies 
that, for KPY, the performance of seed sources was inconsistent across the two trials. Nonetheless, 
type-B seed source correlations for wood density and MOE were very high (0.97 and 0.78 
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respectively), indicating a low level of seed source by environment interaction observed in these 
trials. The results presented herein suggest that all assessed traits, at the family level, are likely to be 
moderately-high to highly stable across environments. 
4.5. Conclusion 
The results of this study indicate that the growth rates of E. pellita are good in contrasting sites in 
Vietnam, and that its wood properties are suitable for both pulping and solid timber production. 
Genetic parameters were estimated for five industrially important traits in red mahogany at the two 
open-pollinated progeny trials. Heritability estimates were lower for DBH and wood density than 
for KPY, MOE and MfA. However, these traits are under moderate genetic control and therefore 
the species can offer good opportunities for substantial genetic improvement of these traits. The 
negative correlations between MfA and other traits were favourable. However, the negative 
correlations between DBH and KPY as well as the zero or low correlations between DBH and wood 
density, and KPY and wood density were unfavourable. The largest correlation between wood traits 
was between wood density and MOE at the family level. Variation was much higher at the family 
level than the seed source level, and genotype by environment interactions were low in these two 
trials.  
These results indicate that selection of the best individuals (i.e. those with highest breeding values) 
across all seed sources of E. pellita is likely to lead to significant gains in key growth and wood 
property traits, as heritability of these traits are moderate to high and variation between seed sources 
is relatively small compared to variation between families for all traits except density. Given the 
observed trait-trait correlations, multi-trait selection in E. pellita can be expected to lead gains in 
both growth and wood property traits, improving the suitability of the species for production of both 
timber and pulpwood. The results are important to improve the understanding of the genetic control 
of economically important traits and for directing on-going E. pellita breeding and improvement 
programs in Vietnam and elsewhere.     
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CHAPTER 5: MULTI-TRAIT SELECTION IN BOTH CORYMBIA CITRIODORA SUBSP. 
VARIEGATA AND EUCALYPTUS PELLITA 
Abstract 
Breeding values of each tree and each parent were predicted using Best Linear Unbiased Prediction 
(BLUP) for growth and wood properties in both Corymbia citriodora subsp. variegata (CCV) and 
Eucalyptus pellita from across sites analyses of open-pollinated progeny trials. This study 
calculated expected genetic responses from selection firstly using Monte Carlo simulation of index 
weights for each pair of traits. Secondly, multi-trait selection indices were valuated for breeding 
objectives targeting the production of solid wood and pulp wood products. Weights were selected to 
maximise response in growth traits, with the restriction that all wood traits also demonstrate a 
favourable response. Strategies developed include single trait, pair trait and multi-trait selections to 
identify selection of 10% over population mean which can lead to genetic gains in all growth and 
wood quality traits of the two species. Genetically improved seed from selections of the best trees in 
these progeny trials could provide an increase in the profitability of planted forests managed for 
both solid wood and pulpwood production for both studied species.  
5.1. Introduction 
Forest tree improvement programs aim to develop genetically improved planting stock that will 
increase the economic value of future forest plantations. Tree improvement involves recurrent 
cycles of selection, mating and testing to increase the frequency of favourable alleles in the 
breeding population, and to identify the most superior individuals that can be used for the 
production of genetically improved planting stock. Breeding programs for Corymbia citriodora 
subsp. variegata (CCV) in Queensland and Eucalyptus pellita in Vietnam were initiated using 
open-pollinated seed collected from individual mother trees selected in either natural stands and/or 
in first-generation seedling seed orchards. The family-in-provenance trials that form the base 
populations for the genetic improvement of these two species are described in Chapters 3 and 4. 
Best linear unbiased prediction of breeding values uses all data (including information on relatives) 
to provide the best estimates of the breeding value (i.e. genetic worth of each individual as a parent) 
of each tree in these base populations and their maternal parents. Moving forward, there are two key 
decisions required in these tree improvement programs: i) selection of individual trees to use as 
parents to generate the next base population for selection; and ii) selection of individual trees to be 
retained when converting these trials into seedling seed orchards. However, as growth and wood 
property traits are genetically correlated (refer Chapters 3 and 4), unless all important traits are 
considered jointly during selection, undesirable changes (i.e. correlated responses) may occur in the 
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unselected traits depending on the heritability of each trait and the strength and direction of the 
genetic correlations. 
A fundamental decision in any tree improvement program is the determination of a breeding 
objective, and the selection criteria required to achieve this breeding objective (Borralho et al. 
1993). A multi-trait selection index is then developed to maximise gain in this breeding objective; 
typically as a linear combination of the breeding values multiplied by the economic weight for each 
trait. Most tree improvement programs expend considerable effort to improve growth rate and stem 
straightness because of their high economic value. Genetic gains have also been reported for 
resistance to various fungal diseases in a range of forest tree species (White et al. 2007). Wood 
properties such as pulp yield and basic density are also traits that may improve the profitability of 
pulp and paper production (Raymond 2002; Costa E Silva et al. 2009; Hamilton et al. 2010; 
Brawner et al. 2012). Further, modulus of elasticity and microfibril angle have been shown to be 
important properties for solid wood production (Cave & Walker 1994; Apiolaza et al. 2005; 
Dungey et al. 2006; Baltunis et al. 2007; Grans et al. 2009; Blackburn et al. 2010). In the case of 
CCV and E. pellita economic weights of growth and wood properties are unknown. Presently forest 
growers in both Australia and Vietnam are paid for wood almost exclusively on volume of the wood 
produced, with no premium for quality but discounts/rebates where wood supply is below 
expectations of the mills. Nevertheless, in the future it is reasonable to assume that a premium may 
be paid for quality and/or that improvements in quality will be required to ensure sustainability of 
the industry. At the very least, we can expect the future uses of the wood produced from genetically 
improved stands will require wood traits to at least equal those of stands established with 
unimproved seed sources. Consequently weights that firstly maximise the response in growth but 
ensure positive responses in density, microfibril angle and modulus of elasticity (DEN, MfA and 
MOE) for solid wood products and in density and Kraft pulp yield for pulpwood production, are 
likely to result in improved returns to growers while still improving the quality and marketability of 
the wood produced from stands established using improved seed sources.  
In this chapter, the breeding values of the maternal parents from across sites analyses of the growth 
and wood property traits, are used to evaluate the impacts on genetic gains for each trait due to 
changes in the relative weighting applied to each trait under selection.  The aim is to determine a set 
of relative economic weights for each trait, that can subsequently be applied to the selection of 
individual trees for use as parents of the next breeding cycle and to select trees to retain when the 
progeny trials are converted to seedling seed orchards. Results are compared for growth and wood 
quality traits in both CCV and E. pellita. For CCV it is assumed that future markets will continue to 
be focused primarily on the production of solid timber over rotations exceeding 20 years, and so the 
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most important traits are likely to be growth (tree volume, VOL), density (DEN), microfibril angle 
(MfA) and modulus of elasticity (MOE). By contrast, in Vietnam eucalypts are typically grown by 
smallholder famers under relatively short rotations (5-7 years) with primary focus on production of 
pulpwood. As such in the case of E. pellita in Vietnam the most important traits are likely to be 
growth (DBH in this case), Kraft pulp yield (KPY) and density (DEN) as these three traits 
determine tonnes of pulp produced per hectare. 
5.2. Materials and methods 
Details of materials, trial descriptions, growth (volume index [m
3
] for CCV; and diameter at breast 
height over bark [DBH, cm] for E. pellita) and wood quality traits (Kraft pulp yield [KPY, %]; 
basic density [DEN, kg/m
3
]; modulus of elasticity [MOE, GPa]; and microfiril angle [MfA, degree]) 
and statistical analyses have been described previously in Chapters 3 and 4 for CCV and E. pellita 
respectively. The primary aim here is to determine the relative economic weights for each trait that 
will maximise genetic gains; it is therefore, important that breeding values used are estimated as 
accurately as possible. To achieve this, data from trial 451C of CCV was not used to estimate the 
breeding values of the CCV parents, due to low heritability of most traits in this trial and the heavy 
thinning that had been applied prior to data collection. Further, as parental breeding values are more 
accurately predicted than the breeding value of each tree in each trial, only the breeding values of 
the maternal parents were used. Prior to analysis for prediction of the parental breeding values, the 
data for each trait were first standardised to have a mean of zero and a phenotypic standard 
deviation equal to one (1.0), such that the predicted breeding values are then expressed in 
phenotypic standard deviation units for each trait, and so a one unit change from selection is then 
equal to a change of one standard deviation in each trait.   
Genetic gains may be estimated theoretically using genetic parameters for one or two traits using 
equations that predicted response to selection or correlated response to selection (Falconer & 
Mackay 1996), or deterministically using the predicted breeding values of individuals in the 
population. Best linear unbiased prediction (BLUP) is the preferred method for prediction of 
breeding values (Henderson 1975; Robinson 1991), particularly where data are unbalanced as it 
optimally uses information from all relatives. To facilitate the examination of multi-trait selection a 
deterministic approach was applied, using relative economic weights (sum all weights equal to 1.0), 
to generate an index value for each individual as a linear combination of its breeding value for each 
trait multiplied by the nominated weight for each trait.  In this way the breeding values of individual 
are aggregated into a single index value for selection across multiple traits, so that selection was 
solely based on the index values rather than the component traits (White & Hodge 1989; Falconer & 
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Mackay 1996; Sanhueza et al. 2002). Index values (I) for each set of relative economic weights (i) 
were calculated with the following formula:  
Ii = a × BVgrowth + b × BVKPY + c× BVDEN +d × BVMOE +e × BVMfA     (Eq. 5.1),  
where a, b, c, d and e are the nominated relative economic weights, the sum of the economic 
weights = 1.0, BVgrowth is the breeding value for the growth trait (i.e. volume index for CCV and 
DBH for E. pellita), BVKPY is the breeding value for KPY, BVDEN is the breeding value for DEN, 
BVMOE is the breeding value for MOE and BVMfA is the breeding value for MfA. For MfA low 
phenotypic values are desirable, while for all traits an increasing phenotypic value corresponds to 
increasing worth. So that high breeding values are favourable for all five traits and positive 
economic weights correspond to a favourable change is each trait, the MfA breeding values were 
multiplied by minus one (-1.0). 
Firstly, a deterministic simulation was used to iteratively estimate genetic gain for all pairs of traits, 
with weights changing in 0.1 increments from 0.0 to 1.0, with the sum of weights for each pair of 
traits equal to one, and weights of zero applied to the other three traits. Changing the relative 
weights of each pair of traits caused the predicted genetic gains to change so that the set of weights 
that yielded the most desirable genetic gains across all traits could be identified. All individuals 
were ranked based on the index values for each set of weights, and the top 10% of parents selected. 
The average breeding values of the selected parents (for each of the five traits) were then multiplied 
by the phenotypic standard deviation of the trait (putting the aggregate breeding value of the 
selected trees back on the observed scale) and then divided by the trait mean and multiplied by 100, 
giving the predicted genetic gain as a percentage increase over the mean for each trait and each set 
of weights. These predicted gains assume that the parents could be clonally replicated, placed in an 
isolated clonal seed orchard, all parents contribute equally to the next generation, with random 
mating and no pollen contamination. Following this approach, a set of indices (Ii) can be obtained 
by systematically reducing the emphasis in one trait and simultaneously relocating the weight to 
another trait, constraining all weights to sum to one. Subsequently, genetic gains for each 
combination of weights in the selection indices were computed and interpreted as percentage gains 
in growth and wood quality traits that would be derived from selection based on the index. 
Secondly, the impacts of changing relative weights on multi-trait selection in both CCV and E. 
pellita were investigated. Here a series of simulations were conducted, with the starting premise that 
it was necessary to maximise response in growth while ensuring positive gains in key wood traits 
for the production of solid wood products (DEN, MOE and MfA) in case of CCV and for the 
production of pulpwood (DEN and KPY) in the case of E. pellita. Again here the sum of all weights 
was set to equal 1.0.  
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For CCV it is assumed that the wood will be used primarily for solid wood products, with 
production of pulpwood of only a minor, secondary importance. Therefore, for CCV simulations 
were conducted in a step-wise fashion as follows: 
1. The weight applied to volume (VOL) was incremented in 0.05 steps, and remaining weight 
distributed equally across the four wood traits (CCV1). 
2. The weight applied to VOL was incremented in 0.05 steps, and then the remaining weight 
distributed such that double weight was applied to density (DEN) as to modulus of elasticity 
(MOE) and microfibril angle (MfA), and half weight applied to Kraft pulp yield (KPY) as to 
MOE and MfA, i.e. in ratio of 4:2:2:1 for DEN, MOE, MfA and KPY respectively (CCV2). 
3. The weight applied to VOL was incremented in 0.05 steps, and then the remaining weight 
distributed such that double weight applied to density (DEN) as to modulus of elasticity 
(MOE) and microfibril angle (MfA), and half weight applied to microfibril angle (MfA) as 
to KPY and MOE, i.e. in ratio of 4:2:2:1 for DEN, MOE, KPY and MfA respectively 
(CCV3). 
4. The weight applied to VOL was incremented in 0.05 steps, and the remaining weight 
distributed such that 5 times weight was applied to DEN as to MOE and MfA, and half 
weight applied to KPY as to MOE and MfA, i.e. in ratio of 10:2:2:1 for DEN, MOE, MfA 
and KPY respectively (CCV4). 
5. The weight applied to VOL was incremented in 0.05 steps, and the remaining weight 
distributed such that 10 times weight was applied to DEN as to MOE and MfA, and half 
weight applied to KPY as to MOE and MfA, i.e. in ratio of 20:2:2:1 for DEN, MOE, MfA 
and KPY respectively (CCV5). 
From these simulations, sets of weights were sought that would: a) maximise expected response in 
VOL or DBH, while providing positive response in all wood traits, and b) increase response in 
DEN, MOE and MfA as much as possible while ensuring response in VOL (or DBH) is near that 
which would be achieved if all weight were applied to VOL (or DBH) alone. 
For E. pellita it is assumed that the wood will be used primarily as pulpwood with the production of 
solid wood products of only a minor, secondary importance. Here the primary objective should be 
to maximise the production of tonnes of pulp per hectare (TPH), where TPH is a function of volume 
(m
3
/ha) and density (t/m
3
) and Kraft pulp yield (%), with KPY being key determinant of the 
efficiency of pulp production. Therefore, for E. pellita simulations were conducted in a step-wise 
fashion as follows: 
1. The weight applied to diameter at breast height (DBH) was incremented in 0.05 steps, and 
remaining weight distributed equally across the four wood traits (EP1). 
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2. The weight applied to DBH was incremented in 0.05 steps, and then the remaining weight 
distributed to KPYand DEN in ratio of 1:1 for KPY and DEN (EP2). 
3. The weight applied to DBH was incremented in 0.05 steps, and then the remaining weight 
distributed to KPYand DEN in ratio of 2:1 for KPY and DEN (EP3). 
4. The weight applied to DBH was incremented in 0.05 steps, and then the remaining weight 
distributed to KPYand DEN in ratio of 5:1 for KPY and DEN (EP4). 
5. The weight applied to DBH was incremented in 0.05 steps, and then the remaining weight 
distributed to KPYand DEN in ratio of 10:1 for KPY and DEN (EP5). 
From these simulations, sets of weights were sought that would: a) maximise the response in DBH 
while ensuring positive responses in KPY and DEN, and b) achieve near maximum response in 
DBH while providing strong gains in both KPY and DEN. 
Gains were again calculated based on the top 10% of parents selected on index values for each set 
of weights. Gains were then expressed as a percentage of the gain that might be achieved by 
selection only on a single trait, as determined in the previous set of simulations to understand how 
changes in index weights affect the gains across traits, and to evaluate the potential lost gain in 
growth, from multi-trait selection on growth and wood properties.  
5.3. Results 
Selection on a Single Trait 
The genetic gain in each target trait, when index weights are set to one for that trait and zero for the 
other traits, present the expected gain when selecting on a single trait (Table 5.1 and 5.2) . Selection 
of the top 10% of individuals in CCV, where all weight is placed on a single trait, is expected to 
lead to gains of gains 0.0188 (m
3
), 17 (kg/m
3
), 0.63 (%), 0.89 (GPa) and 0.44 (degrees) in VOL, 
DEN, KPY, MOE and MfA respectively (diagonal elements in Table 5.1), and in E. pellita 
responses of 1.4 (cm), 15 (kg/m
3
), 0.81 (%), 1.26 (GPa) and 0.74 (degrees) are expected in DBH, 
DEN, KPY, MOE and MfA respectively. These represented the expected maximum response in 
each of the five traits in the two species. Further, selection led to positive correlated responses in all 
traits, except in the case of selection on DBH in E. pellita that resulted in negative change in KYP 
(Table 5.2). Gains presented here are all favourable, as breeding values for MfA were pre-
multiplied by minus one, such that the reported gains of 0.44 and 0.74 represent reductions in 
microfibril angle following selection. 
Percentage responses in growth traits are generally higher than for the four wood traits, with almost 
double gain in volume in CCV (14.1%) compared to DBH in E. pellita (7.2%), as might be 
expected due to the squared relationship between tree diameter and volume. Predicted percentage 
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gains in wood properties were broadly similar in the two species 2.3/2.3%, 1.2/1.7%, 4.4/6.6% and 
2.2/5.4% in DEN, KPY, MOE and MfA respectively for CCV/E. pellita, with the potential gain in 
KPY being lower than the other three wood traits (Tables 5.1. and 5.2).  
Table 5.1. Expected genetic gain for Corymbia citriodora subsp. variegata from selection for 
one target trait and correlated responses for each of the remaining 4 traits: diameter at 
breast height over bark (DBH), wood density (DEN), Kraft pulp yield (KPY), modulus of 
elasticity (MOE) and microfibril angle (MfA). (%∆ = change expressed in percentage in 
parentheses.)  
Trait Mean 
Expected responses (%∆) 
VOL (m
3
) DEN (kg/m
3
) KPY (%) 
MOE 
(GPa) 
MfA (degree) 
Volume (m
3
) 0.133 0.0188 (14.1) 8 (1.0) 0.34 (0.6) 0.57 (2.8) 0.27 (1.3) 
DEN (kg/m
3
) 775 0.0098 (7.3) 17 (2.3) 0.21 (0.4) 0.95 (4.7) 0.31 (1.6) 
KPY (%) 52.6 0.0074 (5.6) 5 (0.7) 0.63 (1.2) 0.72 (3.6) 0.51 (2.5) 
MOE (GPa) 20.3 0.0069 (5.2) 10 (1.3) 0.35 (0.7) 0.89 (4.4) 0.50 (2.5) 
MfA (degree) 20.1 0.0022 (1.7) 3 (0.4) 0.26 (0.5) 0.57 (2.8) 0.44 (2.2) 
 
  
 
 
Table 5.2. Expected genetic gain for Eucalyptus pellita from selection for one target trait and 
correlated responses for each of the remaining 4 traits: diameter at breast height over bark 
(DBH), wood density (DEN), Kraft pulp yield (KPY), modulus of elasticity (MOE) and 
microfibril angle (MfA). (%∆ = change expressed in percentage in parentheses.)  
Trait Mean 
Expected Gain (%∆) 
DBH (cm) 
DEN 
(kg/m
3
) 
KPY (%) 
MOE 
(GPa) 
MFA 
(degree) 
DBH (cm) 18.8 1.4 (7.2) 5 (0.7) -0.24 (-0.5) 0.44 (2.3) 0.23 (1.6) 
DEN (kg/m
3
) 661 0.23 (1.2) 15 (2.3) 0.18 (0.4) 0.79 (4.1) 0.32 (2.2) 
KPY (%) 46.2 0.05 (0.3) 2 (0.2) 0.81 (1.7) 0.33 (1.7) 0.13 (0.9) 
MOE (GPa) 19.2 0.59 (3.1) 9 (1.3) 0.37 (0.8) 1.27 (6.6) 0.71 (0.48) 
MFA (degree) 14.8 0.34 (1.8) 5 (0.7) 0.40 (0.9) 1.17 (6.1) 0.74 (5.0) 
 
Selection on Pairs of Traits 
Estimates of genetic gains from selection on pairs of traits, where weight was progressively reduced 
from one to zero on the first trait and redistributed to the second trait are summarised in Figures 5.1 
and 5.2 (with full details in Appendices 5.1 and 5.2) for CCV and E. pellita respectively. Expected 
gains relate to direct selection on the pair of traits when the top 10% are selected on a weighted 
index of the two traits, and the correlated responses in the remaining 3 traits due to the genetic 
correlations among the traits as detailed in Chapters 3 and 4. 
Reduction in the weight applied to the growth trait (VOL or DBH) resulted in sharp declines in the 
expected percentage change in these traits in both CCV and E. pellita (Figures 5.1 and 5.2). 
However, for trait pairs involving only wood property traits, the expected percentage gain 
demonstrate a relatively flat response to changes in selection weight, with near maximum gain 
achieve across a relatively broad range of relative weights, in both CCV and E. pellita.  Further 
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response in growth trait demonstrate different patterns in the two species: in CCV higher responses 
in VOL were achieved from selection on VOL and one of the wood traits, than from selection on 
VOL alone (Figure 5.1), while in E. pellita response in DBH was maximised by selection on DBH 
alone, however selection on pairs of wood properties often resulted in a positive correlated response 
in DBH (Figure 5.2).  
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Figure 5.1. Expected responses (percentage change) due to selection in pairs of traits as 
indicated in each graph for Corymbia citriodora subsp. variegata. Index with weights were 
changed in 0.1 increments, and the weight allocated to the second trait, for all pairs of traits: 
volume (VOL), basic density (DEN), Kraft pulp yield (KPY), modulus of elasticity (MOE) and 
microfibril angle (MfA). Indices on the x-axis indicate relative weight applied to the second 
selection trait in each pair. 
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Figure 5.2. Expected responses (percentage change) due to selection in pairs of traits as 
indicated in each graph for Eucalyptus pellita. Index with weights were changed in 0.1 
increments, and the weight allocated to the second trait, for all pairs of traits: diameter at 
breast height (DBH), basic density (DEN), Kraft pulp yield (KPY), modulus of elasticity 
(MOE) and microfibril angle (MfA). Indices on the x-axis indicate relative weight applied to 
the second selection trait in each pair. 
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Multi-Trait Selection 
Corymbia citriodora subsp. variegata 
Compared to selection on volume alone (Table 5.1), various combinations of multi-trait selection 
weights (Tables 5.3-5.7) were able to maximise predicted improvements in volume, while also 
providing substantial improvements in all wood traits. While equal weights were applied to all 
wood traits, simulations CCV1n and CCV1o were able to provide a 0.8% increase in volume (Table 
5.3 compared to Table 5.1) 1.4, 0.9, 4.4 and 2.3 percent improvements in DEN, KYP, MOE and 
MfA respectively. Again reflecting additional improvements in all wood traits compared to 
selection on volume alone, but not as much gain as would be achieved by selection on any one of 
the wood traits alone (Table 5.3).  Simulations results presented in Tables 5.4 and 5.5 indicate that 
relatively small reductions in potential gain in volume (0.4 to 0.5%), will result in further 
improvements in wood quality traits – compare simulations CCV2m and CCV3l to CCV3n (Tables 
5.4 and 5.5). Small trade-offs of this magnitude may be justified to achieve additional gains in wood 
quality. For example CCV2m has indicated gains of 14.6, 1.6, 0.8, 4.7 and 2.4 percent 
improvements in VOL, DEN, KPY, MOE and MfA respectively (Table 5.4). Simulations where 
much greater weight was placed on density (Tables 5.6 and 5.7) indicate that maximisation of gains 
in wood traits requires a reduction of around 1.5% in the expected gain in volume (compare 
simulations CCV4g and CCV5h). Nevertheless, near maximum gains in volume coupled with near 
maximum gains in DEN, MOE and MfA by simulations such as CCV5l (Table 5.7) would provide 
indicative gains of 13.5, 2.1, 0.7, 4.8 and 1.9 percent in VOL, DEN, KPY, MOE and MfA.  
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Table 5.3. Equal weights on all wood traits (CCV1) – Expected changes from multi-trait 
selection in Corymbia citriodora subsp. variegata, tabulated as: actual gain (first line), 
percentage gain over mean (second line), and percentage of the gain achieved from single trait 
selection (third line). 
Simulation Weights 
Expected change 
VOL DEN KPY MOE MfA 
CCV1a 0-0.25-0.25-0.25-0.25 
0.0112 14 0.58 1.34 0.0043 
8.4% 1.9% 1.1% 6.6% 3.9% 
59.7% 82.8% 92.4% 150.7% 179.1% 
CCV1b 0.05-0.2375-0.2375-0.2375-0.2375 
0.0130 14 0.62 1.33 0.0043 
9.7% 1.9% 1.2% 6.6% 3.9% 
69.3% 82.8% 98.8% 149.4% 176.1% 
CCV1c 0.1-0.225-0.225-0.225-0.225 
0.0141 14 0.62 1.27 0.0040 
10.5% 1.8% 1.2% 6.3% 3.6% 
74.9% 79.8% 98.6% 143.1% 165.7% 
CCV1d 0.15-0.2125-0.2125-0.2125-0.2125 
0.0141 14 0.62 1.27 0.0040 
10.5% 1.8% 1.2% 6.3% 3.6% 
74.9% 79.8% 98.6% 143.1% 165.7% 
CCV1e 0.2-0.2-0.2-0.2-0.2 
0.0146 14 0.63 1.29 0.0040 
11.0% 1.8% 1.2% 6.3% 3.6% 
78.1% 82.0% 100.4% 144.4% 165.5% 
CCV1f 0.25-0.1875-0.1875-0.1875-0.1875 
0.0147 14 0.63 1.27 0.0040 
11.0% 1.8% 1.2% 6.3% 3.6% 
78.5% 78.4% 100.8% 142.5% 165.9% 
CCV1g 0.3-0.175-0.175-0.175-0.175 
0.0153 13 0.62 1.25 0.0040 
11.5% 1.7% 1.2% 6.2% 3.6% 
81.6% 76.5% 99.3% 140.3% 165.4% 
CCV1h 0.35-0.1625-0.1625-0.1625-0.1625 
0.0164 13 0.62 1.22 0.0039 
12.3% 1.7% 1.2% 6.0% 3.5% 
87.5% 75.1% 99.5% 137.0% 159.5% 
CCV1i 0.4-0.15-0.15-0.15-0.15 
0.0173 13 0.57 1.15 0.0035 
12.9% 1.7% 1.1% 5.7% 3.1% 
92.1% 74.7% 90.8% 129.4% 143.3% 
CCV1j 0.45-0.1375-0.1375-0.1375-0.1375 
0.0183 12 0.60 1.12 0.0034 
13.7% 1.6% 1.1% 5.5% 3.1% 
97.3% 69.7% 96.6% 125.3% 140.2% 
CCV1k 0.5-0.125-0.125-0.125-0.125 
0.0193 13 0.58 1.09 0.0032 
14.4% 1.7% 1.1% 5.4% 2.9% 
102.6% 73.8% 92.1% 122.6% 130.8% 
CCV1l 0.55-0.1125-0.1125-0.1125-0.1125 
0.0197 12 0.56 1.06 0.0032 
14.8% 1.5% 1.1% 5.2% 2.9% 
105.1% 68.3% 88.9% 118.6% 130.4% 
CCV1m 0.6-0.1-0.1-0.1-0.1 
0.0197 11 0.52 0.99 0.0029 
14.8% 1.5% 1.0% 4.9% 2.6% 
105.0% 64.8% 83.5% 110.9% 120.5% 
CCV1n 0.65-0.0875-0.0875-0.0875-0.0875 
0.0199 11 0.48 0.89 0.0025 
14.9% 1.4% 0.9% 4.4% 2.3% 
106.0% 62.3% 76.1% 99.6% 103.2% 
CCV1o 0.7-0.075-0.075-0.075-0.075 
0.0199 11 0.48 0.89 0.0025 
14.9% 1.4% 0.9% 4.4% 2.3% 
106.0% 62.3% 76.1% 99.6% 103.2% 
CCV1p 0.75-0.0625-0.0625-0.0625-0.0625 
0.0195 10 0.46 0.80 0.0022 
14.6% 1.3% 0.9% 3.9% 2.0% 
104.1% 57.4% 73.0% 89.8% 91.0% 
CCV1q 0.8-0.05-0.05-0.05-0.05 
0.0197 9 0.44 0.76 0.0021 
14.7% 1.2% 0.8% 3.8% 1.9% 
104.8% 54.1% 71.0% 85.6% 87.5% 
CCV1r 0.85-0.0375-0.0375-0.0375-0.0375 
0.0195 9 0.44 0.73 0.0020 
14.6% 1.2% 0.8% 3.6% 1.8% 
104.2% 52.0% 69.9% 81.8% 83.0% 
CCV1s 0.9-0.025-0.025-0.025-0.025 
0.0194 9 0.42 0.70 0.0019 
14.5% 1.1% 0.8% 3.5% 1.8% 
103.4% 50.2% 66.6% 79.1% 80.1% 
CCV1u 0.95-0.0125-0.0125-0.0125-0.0125 
0.0191 8 0.36 0.62 0.0016 
14.3% 1.1% 0.7% 3.0% 1.5% 
101.8% 46.7% 58.0% 69.4% 67.1% 
CCV1v 1-0-0-0-0 
0.0188 8 0.36 0.57 0.0015 
14.1% 1.0% 0.6% 2.8% 1.3% 
100.0% 44.5% 53.6% 64.4% 60.5% 
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Table 5.4. Double weight on density, half weight on KPY (CCV2) – Expected changes from 
multi-trait selection in Corymbia citriodora subsp. variegata, tabulated as: actual gain (first 
line), percentage gain over mean (second line), and percentage of the gain achieved from 
single trait selection (third line). 
Simulation Weights 
Expected change 
Vol DEN KPY MOE MfA 
CCV2a 0-0.4444-0.1111-0.2222-0.2222 
0.0117 17 0.52 1.31 0.0039 
8.8% 2.1% 1.0% 6.4% 3.4% 
62.4% 94.9% 83.4% 146.8% 153.6% 
CCV2b 0.05-0.4222-0.1056-0.2111-0.2111 
0.0126 17 0.54 1.32 0.0040 
9.4% 2.2% 1.0% 6.5% 3.4% 
67.0% 95.6% 85.7% 148.0% 154.9% 
CCV2c 0.1-0.4-0.1-0.2-0.2 
0.0131 17 0.54 1.33 0.0040 
9.8% 2.2% 1.0% 6.6% 3.4% 
69.8% 99.1% 86.8% 149.8% 154.0% 
CCV2d 0.15-0.3778-0.0944-0.1889-0.1889 
0.0144 18 0.54 1.34 0.0039 
10.8% 2.3% 1.0% 6.6% 3.3% 
76.6% 100.7% 85.9% 149.9% 151.0% 
CCV2e 0.2-0.3556-0.0889-0.1778-0.1778 
0.0146 17 0.54 1.32 0.0039 
11.0% 2.2% 1.0% 6.5% 3.3% 
78.0% 98.3% 85.7% 147.6% 150.3% 
CCV2f 0.25-0.3333-0.0833-0.1667-0.1667 
0.0156 18.2766 0.4969 1.3173 0.0036 
11.7% 2.4% 0.9% 6.5% 3.1% 
83.1% 104.6% 79.5% 147.9% 141.2% 
CCV2g 0.3-0.3111-0.0778-0.1556-0.1556 
0.0164 17 0.48 1.28 0.0036 
12.3% 2.2% 0.9% 6.3% 3.1% 
87.4% 99.2% 76.8% 144.1% 141.5% 
CCV2h 0.35-0.2889-0.0722-0.1444-0.1444 
0.0164 17 0.48 1.28 0.0036 
12.3% 2.2% 0.9% 6.3% 3.1% 
87.4% 99.2% 76.8% 144.1% 141.5% 
CCV2i 0.4-0.2667-0.0667-0.1333-0.1333 
0.0177 15 0.52 1.18 0.0034 
13.2% 2.0% 1.0% 5.8% 2.9% 
94.1% 88.6% 82.6% 132.2% 132.5% 
CCV2j 0.45-0.2444-0.0611-0.1222-0.1222 
0.0188 16 0.53 1.13 0.0032 
14.1% 2.0% 1.0% 5.6% 2.7% 
100.2% 89.2% 84.7% 127.0% 123.2% 
CCV2k 0.5-0.2222-0.0556-0.1111-0.1111 
0.0186 15 0.51 1.12 0.0032 
13.9% 1.9% 1.0% 5.5% 2.8% 
99.1% 83.6% 81.5% 126.1% 126.6% 
CCV2l 0.55-0.2-0.05-0.1-0.1 
0.0188 14 0.47 1.06 0.0030 
14.1% 1.8% 0.9% 5.2% 2.6% 
100.3% 78.2% 75.2% 118.7% 118.7% 
CCV2m 0.6-0.1778-0.0444-0.0889-0.0889 
0.0194 12.3549 0.4289 0.9597 0.0028 
14.6% 1.6% 0.8% 4.7% 2.4% 
103.6% 70.7% 68.6% 107.7% 108.7% 
CCV2n 0.65-0.1556-0.0389-0.0778-0.0778 
0.0193 12.1969 0.4263 0.9403 0.0027 
14.5% 1.6% 0.8% 4.6% 2.3% 
102.9% 69.8% 68.2% 105.5% 105.8% 
CCV2o 0.7-0.1333-0.0333-0.0667-0.0667 
0.0194 11.5509 0.4510 0.8785 0.0025 
14.5% 1.5% 0.9% 4.3% 2.1% 
103.3% 66.1% 72.1% 98.6% 97.3% 
CCV2p 0.75-0.1111-0.0278-0.0555-0.0555 
0.0196 10.7757 0.4536 0.8414 0.0024 
14.7% 1.4% 0.9% 4.1% 2.1% 
104.4% 61.7% 72.5% 94.4% 94.3% 
CCV2q 0.8-0.0888-0.0222-0.0444-0.0444 
0.0193 9.8488 0.4223 0.7586 0.0022 
14.4% 1.3% 0.8% 3.7% 1.9% 
102.6% 56.4% 67.5% 85.1% 85.4% 
CCV2r 0.85-0.0666-0.0166-0.0333-0.0333 
0.0190 9.1829 0.3970 0.7036 0.0020 
14.2% 1.2% 0.8% 3.5% 1.7% 
101.3% 52.6% 63.5% 79.0% 78.5% 
CCV2s 0.9-0.0444-0.0111-0.0222-0.0222 
0.0193 8.9253 0.3792 0.6731 0.0019 
14.4% 1.2% 0.7% 3.3% 1.6% 
102.6% 51.1% 60.6% 75.5% 73.0% 
CCV2u 0.95-0.0222-0.0055-0.0111-0.0111 
0.0191 8.1486 0.3625 0.6186 0.0017 
14.3% 1.1% 0.7% 3.0% 1.5% 
101.8% 46.7% 58.0% 69.4% 67.1% 
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Table 5.5. Double weight on density, half weight on MfA (CCV3) – Expected changes from 
multi-trait selection in Corymbia citriodora subsp. variegata, tabulated as: actual gain (first 
line), percentage gain over mean (second line), and percentage of the gain achieved from 
single trait selection (third line). 
Simulation Weights 
Expected change 
Vol DEN KPY MOE MfA 
CCV3a 0-0.4444-0.2222-0.2222-0.1111 
0.0122 17 0.57 1.32 0.0040 
9.1% 2.2% 1.1% 6.5% 3.4% 
64.8% 94.9% 91.6% 148.1% 154.9% 
CCV3b 0.05-0.4222-0.2111-0.2111-0.1056 
0.0128 17 0.56 1.31 0.0039 
9.6% 2.1% 1.1% 6.4% 3.4% 
68.3% 93.7% 90.0% 146.8% 154.1% 
CCV3c 0.1-0.4-0.2-0.2-0.1 
0.0141 18 0.55 1.33 0.0038 
10.6% 2.3% 1.1% 6.5% 3.2% 
75.1% 100.5% 88.6% 148.7% 147.6% 
CCV3d 0.15-0.3778-0.1889-0.1889-0.0944 
0.0141 18 0.55 1.33 0.0038 
10.6% 2.3% 1.1% 6.5% 3.2% 
75.1% 100.5% 88.6% 148.7% 147.6% 
CCV3e 0.2-0.3556-0.1778-0.1778-0.0889 
0.0144 17 0.55 1.31 0.0038 
10.8% 2.2% 1.1% 6.4% 3.2% 
76.6% 98.2% 88.4% 146.5% 147.1% 
CCV3f 0.25-0.3333-0.1667-0.1667-0.0833 
0.0155 18 0.520 1.30 0.0036 
11.6% 2.3% 1.0% 6.4% 3.1% 
82.8% 100.3% 83.2% 145.8% 141.8% 
CCV3g 0.3-0.3111-0.1556-0.1556-0.0778 
0.0157 17 0.51 1.27 0.0035 
11.7% 2.2% 1.0% 6.3% 3.0% 
83.5% 98.7% 81.6% 143.1% 138.5% 
CCV3h 0.35-0.2889-0.1444-0.1444-0.0722 
0.0171 16 0.52 1.19 0.0034 
12.8% 2.1% 1.0% 5.9% 2.9% 
91.0% 90.9% 83.3% 134.2% 132.3% 
CCV3i 0.4-0.2667-0.1333-0.1333-0.0667 
0.0188 16 0.53 1.13 0.0031 
14.1% 2.0% 1.0% 5.6% 2.7% 
100.2% 88.3% 84.7% 127.0% 123.2% 
CCV3j 0.45-0.2444-0.1222-0.1222-0.0611 
0.0188 16 0.53 1.13 0.0031 
14.1% 2.0% 1.0% 5.6% 2.7% 
100.2% 88.3% 84.7% 127.0% 123.2% 
CCV3k 0.5-0.2222-0.1111-0.1111-0.0556 
0.0188 15 0.52 1.12 0.0031 
14.1% 1.9% 1.0% 5.5% 2.7% 
100.1% 85.3% 83.1% 125.7% 123.2% 
CCV3l 0.55-0.2-0.1-0.1-0.05 
0.0194 14 0.51 1.04 0.0029 
14.5% 1.8% 1.0% 5.1% 2.5% 
103.2% 77.7% 82.2% 116.5% 114.5% 
CCV3m 0.6-0.1778-0.0889-0.0889-0.0444 
0.0193 13 0.47 0.93 0.0025 
14.5% 1.7% 0.9% 4.6% 2.2% 
103.1% 72.8% 75.6% 104.5% 99.5% 
CCV3n 0.65-0.1556-0.0389-0.0778-0.0389 
0.0197 12 0.47 0.89 0.0025 
14.8% 1.5% 0.9% 4.4% 2.1% 
105.2% 67.2% 74.5% 99.7% 97.8% 
CCV3o 0.7-0.1333-0.0667-0.0667-0.0333 
0.0193 11 0.44 0.85 0.0024 
14.4% 1.5% 0.8% 4.2% 2.0% 
102.7% 64.7% 70.1% 95.8% 93.0% 
CCV3p 0.75-0.1111-0.0555-0.0555-0.0278 
0.0196 11 0.45 0.84 0.0024 
14.7% 1.4% 0.9% 4.1% 2.1% 
104.4% 61.1% 72.5% 94.4% 94.3% 
CCV3q 0.8-0.0888-0.0444-0.0444-0.0222 
0.0195 10 0.44 0.76 0.0022 
14.6% 1.2% 0.8% 3.8% 1.9% 
103.6% 54.3% 71.0% 86.0% 87.3% 
CCV3r 0.85-0.0666-0.0333-0.0333-0.0166 
0.0193 9 0.44 0.73 0.0021 
14.5% 1.2% 0.8% 3.6% 1.8% 
103.0% 52.3% 69.9% 82.3% 82.9% 
CCV3s 0.9-0.0444-0.0222-0.0222-0.0111 
0.0193 9 0.38 0.67 0.0019 
14.4% 1.2% 0.7% 3.3% 1.6% 
102.6% 50.6% 60.6% 75.5% 73.0% 
CCV3u 0.95-0.0222-0.0111-0.0111-0.0055 
0.0189 8 0.36 0.63 0.0017 
14.2% 1.1% 0.7% 3.1% 1.5% 
100.8% 47.1% 58.3% 70.2% 67.4% 
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Table 5.6. Ten times weight on density, half weight on KPY (CCV4) – Expected changes from 
multi-trait selection in Corymbia citriodora subsp. variegata, tabulated as: actual gain (first 
line), percentage gain over mean (second line), and percentage of the gain achieved from 
single trait selection (third line). 
Simulation Weights 
Expected change 
Vol DEN KPY MOE MfA 
CCV4a 0-0.6667-0.0667-0.1333-0.1333 
0.0116 18 0.36 1.18 0.0029 
8.7% 2.4% 0.7% 5.8% 2.5% 
61.7% 104.5% 57.8% 132.8% 114.3% 
CCV4b 0.05-0.6333-0.0633-0.1267-0.1267 
0.0133 19 0.40 1.23 0.0031 
10.0% 2.4% 0.8% 6.1% 2.6% 
70.9% 108.3% 63.7% 138.2% 120.4% 
CCV4c 0.1-0.6-0.06-0.12-0.12 
0.0133 19 0.40 1.23 0.0031 
10.0% 2.4% 0.8% 6.1% 2.6% 
70.9% 108.3% 63.7% 138.2% 120.4% 
CCV4d 0.15-0.5667-0.0567-0.1133-0.1133 
0.0138 19 0.39 1.26 0.0032 
10.3% 2.5% 0.7% 6.2% 2.7% 
73.6% 110.8% 62.8% 141.7% 123.0% 
CCV4e 0.2-0.5333-0.0533-0.1067-0.1067 
0.0140 20 0.39 1.25 0.0031 
10.5% 2.5% 0.7% 6.2% 2.6% 
74.9% 113.0% 62.0% 140.8% 120.5% 
CCV4f 0.25-0.5-0.05-0.1-0.1 
0.0154 19 0.42 1.24 0.0031 
11.6% 2.5% 0.8% 6.1% 2.7% 
82.3% 109.4% 66.4% 138.6% 122.6% 
CCV4g 0.3-0.4667-0.0467-0.0933-0.0933 
0.0155 19 0.41 1.21 0.0031 
11.6% 2.4% 0.8% 6.0% 2.6% 
82.5% 107.6% 66.0% 136.1% 120.2% 
CCV4h 0.35-0.4333-0.0433-0.0867-0.0867 
0.0158 18 0.40 1.19 0.0031 
11.8% 2.4% 0.8% 5.9% 2.6% 
84.0% 104.9% 64.3% 133.8% 119.7% 
CCV4i 0.4-0.4-0.04-0.08-0.08 
0.0171 18 0.39 1.17 0.0029 
12.8% 2.4% 0.7% 5.7% 2.5% 
91.1% 104.8% 63.0% 130.8% 114.1% 
CCV4j 0.45-0.3667-0.0367-0.0733-0.0733 
0.0187 17 0.42 1.11 0.0027 
14.0% 2.2% 0.8% 5.5% 2.4% 
99.9% 99.6% 67.4% 124.7% 107.1% 
CCV4k 0.5-0.3333-0.0333-0.0667-0.0667 
0.0186 16 0.38 1.03 0.0025 
13.9% 2.1% 0.7% 5.1% 2.2% 
99.0% 93.8% 61.3% 115.4% 98.2% 
CCV4l 0.55-0.3-0.03-0.06-0.06 
0.0190 15 0.40 1.01 0.0026 
14.2% 1.9% 0.8% 5.0% 2.3% 
101.3% 86.2% 64.2% 113.6% 103.2% 
CCV4m 0.6-0.2667-0.0267-0.0533-0.0533 
0.0189 14 0.38 0.92 0.0023 
14.2% 1.8% 0.7% 4.5% 2.0% 
100.7% 81.2% 61.0% 103.3% 89.8% 
CCV4n 0.65-0.2333-0.0233-0.0467-0.0467 
0.0189 14 0.38 0.92 0.0023 
14.2% 1.8% 0.7% 4.5% 2.0% 
100.7% 81.2% 61.0% 103.3% 89.8% 
CCV4o 0.7-0.2-0.02-0.04-0.04 
0.0190 12 0.39 0.85 0.0023 
14.2% 1.6% 0.7% 4.2% 1.9% 
101.0% 70.1% 63.0% 95.4% 88.6% 
CCV4p 0.75-0.1667-0.0167-0.0333-0.0333 
0.0188 12 0.39 0.86 0.0024 
14.1% 1.5% 0.7% 4.2% 2.0% 
100.2% 68.5% 62.3% 96.5% 92.2% 
CCV4q 0.8-0.1333-0.0133-0.0266-0.0266 
0.0190 10 0.41 0.77 0.0022 
14.2% 1.3% 0.8% 3.8% 1.9% 
101.1% 59.9% 65.4% 86.6% 84.4% 
CCV4r 0.85-0.0999-0.0099-0.02-0.02 
0.0190 9 0.40 0.70 0.0020 
14.2% 1.2% 0.8% 3.5% 1.7% 
101.3% 52.6% 63.5% 79.0% 78.5% 
CCV4s 0.9-0.0666-0.0066-0.0133-0.0133 
0.0193 9 0.38 0.67 0.0019 
14.4% 1.2% 0.7% 3.3% 1.6% 
102.6% 51.1% 60.6% 75.5% 73.0% 
CCV4u 0.95-0.0333-0.0033-0.0066-0.0066 
0.0191 9 0.37 0.65 0.0018 
14.3% 1.1% 0.7% 3.2% 1.5% 
101.7% 50.2% 58.8% 72.9% 69.3% 
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Table 5.7. Twenty times weight on density, half weight on KPY (CCV5) – Expected changes 
from multi-trait selection in Corymbia citriodora subsp. variegata, tabulated as: actual gain 
(first line), percentage gain over mean (second line), and percentage of the gain achieved from 
single trait selection (third line). 
Selection 
option 
Weighting coefficient 
Expected genetic gain 
Vol DEN KPY MOE MfA 
CCV5a 0-0.8-0.04-0.08-0.08 
0.0104 19 0.29 1.08 0.0024 
7.8% 2.4% 0.6% 5.3% 2.0% 
55.3% 106.3% 46.8% 121.3% 92.2% 
CCV5b 0.05-0.76-0.038-0.076-0.076 
0.0113 18 0.31 1.08 0.0025 
8.4% 2.4% 0.6% 5.3% 2.1% 
60.0% 104.6% 49.3% 121.6% 96.8% 
CCV5c 0.1-0.72-0.036-0.072-0.072 
0.0132 19 0.33 1.12 0.0025 
9.9% 2.5% 0.6% 5.5% 2.2% 
70.6% 110.0% 53.0% 126.2% 97.9% 
CCV5d 0.15-0.68-0.034-0.068-0.068 
0.0132 19 0.33 1.12 0.0025 
9.9% 2.5% 0.6% 5.5% 2.2% 
70.6% 110.0% 53.0% 126.2% 97.9% 
CCV5e 0.2-0.64-0.032-0.064-0.064 
0.0136 19 0.35 1.14 0.0026 
10.2% 2.5% 0.7% 5.6% 2.2% 
72.6% 109.0% 55.2% 127.9% 102.2% 
CCV5f 0.25-0.6-0.03-0.06-0.06 
0.0142 19 0.34 1.15 0.0026 
10.6% 2.5% 0.6% 5.7% 2.2% 
75.7% 109.7% 54.2% 128.8% 102.2% 
CCV5g 0.3-0.56-0.028-0.056-0.056 
0.0149 19 0.35 1.14 0.0027 
11.1% 2.4% 0.7% 5.6% 2.3% 
79.3% 107.8% 56.4% 128.0% 103.6% 
CCV5h 0.35-0.52-0.026-0.052-0.052 
0.0161 18 0.37 1.13 0.0027 
12.1% 2.3% 0.7% 5.5% 2.3% 
86.0% 103.7% 58.4% 126.3% 106.4% 
CCV5i 0.4-0.48-0.024-0.048-0.048 
0.0161 18 0.36 1.10 0.0026 
12.0% 2.3% 0.7% 5.4% 2.2% 
85.7% 102.5% 57.6% 123.0% 101.6% 
CCV5j 0.45-0.44-0.022-0.044-0.044 
0.0178 17 0.36 1.00 0.0022 
13.3% 2.3% 0.7% 4.9% 1.8% 
95.0% 100.2% 56.8% 112.0% 84.2% 
CCV5k 0.5-0.4-0.02-0.04-0.04 
0.0181 16 0.35 0.99 0.0023 
13.6% 2.1% 0.7% 4.9% 2.0% 
96.4% 93.3% 56.4% 111.0% 90.8% 
CCV5l 0.55-0.36-0.018-0.036-0.036 
0.0180 16 0.35 0.97 0.0023 
13.5% 2.1% 0.7% 4.8% 1.9% 
96.0% 91.7% 56.3% 108.6% 88.3% 
CCV5m 0.6-0.32-0.016-0.032-0.032 
0.0185 14 0.38 0.92 0.0022 
13.9% 1.9% 0.7% 4.5% 1.9% 
98.7% 82.5% 60.6% 102.9% 87.3% 
CCV5n 0.65-0.28-0.014-0.028-0.028 
0.0188 14 0.37 0.89 0.0022 
14.1% 1.8% 0.7% 4.4% 1.9% 
100.1% 79.9% 59.3% 100.2% 85.6% 
CCV5o 0.7-0.24-0.012-0.024-0.024 
0.0187 14 0.37 0.87 0.0021 
14.0% 1.8% 0.7% 4.3% 1.8% 
99.7% 78.1% 59.9% 97.7% 83.0% 
CCV5p 0.75-0.2-0.01-0.02-0.02 
0.0190 12 0.39 0.85 0.0023 
14.2% 1.6% 0.7% 4.2% 1.9% 
101.0% 70.1% 63.0% 95.4% 88.6% 
CCV5q 0.8-0.16-0.0079-0.016-0.016 
0.0187 11 0.38 0.83 0.0023 
14.0% 1.5% 0.7% 4.1% 1.9% 
99.8% 65.8% 60.8% 92.8% 88.6% 
CCV5r 0.85-0.12-0.0059-0.012-0.012 
0.0188 10 0.38 0.72 0.0020 
14.0% 1.3% 0.7% 3.5% 1.7% 
99.9% 56.0% 61.6% 80.5% 77.8% 
CCV5s 0.9-0.0799-0.0039-0.0079-0.0079 
0.0191 9 0.37 0.65 0.0018 
14.3% 1.1% 0.7% 3.2% 1.5% 
101.7% 50.2% 58.8% 72.9% 69.3% 
CCV5u 0.95-0.0399-0.0019-0.0039-0.0039 
0.0188 8 0.35 0.62 0.0017 
14.0% 1.1% 0.7% 3.0% 1.5% 
99.9% 46.8% 56.2% 69.3% 66.9% 
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Eucalyptus pellita 
All combinations of multi-trait selection weights investigated (Tables 5.8 to 5.12) resulted in 
reduction in potential gain in diameter compared to selection on diameter alone (Table 5.2). Where 
equal weights were applied to all wood traits (Table 5.8), a relatively small reduction in the 
expected change in diameter would lead to substantial improvements in wood quality – simulation 
EP1j to EP1q yield expected changes of 7.0, 1.1, 0.3, 4.3 and 3.0% in DBH, DEN, KYP, MOE and 
MfA respectively (Table 5.8), which suggests a trade-off of 0.2% reduction in DBH to achieve 0.4, 
0.8, 2.0 and 1.4 % additional gain in DEN, KPY, MOE and MfA compared to selection on DBH 
alone (Table 5.2). Placing additional weight on selection of density and Kraft pulp yield (Tables 5.9 
to 5.12) result in improved gains in DEN and KPY, but reductions in one to two percentage points 
in DBH. Here it should also be noted that a number of sets of selection weights yielded the same 
estimated gains, reflecting selection of the same set of trees from each index and most probably a 
consequence of the number of E. pellita parents represented in the trials (see Chapter 4).   
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Table 5.8. Equal weights on all wood traits (EP1) – Expected changes from multi-trait 
selection in Eucalyptus pellita, tabulated as: actual gain (first line), percentage gain over mean 
(second line), and percentage of the gain achieved from single trait selection (third line). 
Simulation Weights 
Expected change 
DBH DEN KPY MOE MfA 
EP1a 0.2-0.2-0.2-0.2-0.2 
0.93 13 0.44 1.18 0.62 
4.9% 2.0% 1.0% 6.2% 4.2% 
68.5% 83.6% 54.8% 93.1% 83.2% 
EP1b 0.250-0.188-0.188-0.188 
0.93 13 0.44 1.18 0.62 
4.9% 2.0% 1.0% 6.2% 4.2% 
68.5% 83.6% 54.8% 93.1% 83.2% 
EP1c 0.3-0.175-0.175-0.175-0.175 
0.93 13 0.44 1.18 0.62 
4.9% 2.0% 1.0% 6.2% 4.2% 
68.5% 83.6% 54.8% 93.1% 83.2% 
EP1d 0.35-0.163-0.163-0.163-0.163 
1.01 12 0.47 1.11 0.58 
5.4% 1.8% 1.0% 5.8% 3.9% 
74.4% 79.1% 58.6% 87.7% 78.6% 
EP1e 0.4-0.15-0.15-0.15-0.15 
1.01 12 0.47 1.11 0.58 
5.4% 1.8% 1.0% 5.8% 3.9% 
74.4% 79.1% 58.6% 87.7% 78.6% 
EP1f 0.45-0.138-0.138-0.138-0.138 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP1g 0.5-0.125-0.125-0.125-0.125 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP1h 0.55-0.113-0.113-0.113-0.113 
1.15 11 0.37 1.02 0.55 
6.1% 1.7% 0.8% 5.3% 3.7% 
85.0% 70.7% 45.5% 80.2% 74.0% 
EP1i 0.6-0.1-0.1-0.1-0.1 
1.16 9 0.33 1.06 0.59 
6.2% 1.4% 0.7% 5.5% 4.0% 
85.9% 60.2% 41.3% 83.4% 80.0% 
EP1j 0.65-0.088-0.088-0.088-0.088 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP1l 0.7-0.075-0.075-0.075-0.075 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP1m 0.75-0.063-0.063-0.063-0.063 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP1n 0.8-0.05-0.05-0.05-0.05 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP1o 0.85-0.038-0.038-0.038-0.038 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP1p 0.9-0.025-0.025-0.025-0.025 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP1q 0.95-0.012-0.012-0.012-0.012 
1.35 4 -0.14 0.45 0.24 
7.2% 0.6% -0.3% 2.3% 1.7% 
99.9% 26.7% -17.2% 35.5% 33.1% 
EP1r 1-0-0-0-0 
1.36 5 -0.24 0.44 0.23 
7.2% 0.7% -0.5% 2.3% 1.6% 
100.0% 31.1% -30.0% 34.4% 31.6% 
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Table 5.9. Equal weights on density and Kraft pulp yield, zero weights other wood traits 
(EP2) – Expected changes from multi-trait selection in Eucalyptus pellita, tabulated as: actual 
gain (first line), percentage gain over mean (second line), and percentage of the gain achieved 
from single trait selection (third line). 
Simulation Weights 
Expected change 
DBH DEN KPY MOE MfA 
EP2a 0.2-0.4-0.4-0-0 
0.89 11 0.61 1.02 0.51 
4.7% 1.7% 1.3% 5.3% 3.5% 
65.8% 73.6% 75.1% 80.8% 69.6% 
EP2b 0.25-0.375-0.375-0-0 
0.97 12 0.54 1.08 0.54 
5.1% 1.8% 1.2% 5.6% 3.7% 
71.3% 78.7% 66.9% 85.2% 73.4% 
EP2c 0.3-0.35-0.35-0-0 
0.97 12 0.54 1.08 0.54 
5.1% 1.8% 1.2% 5.6% 3.7% 
71.3% 78.7% 66.9% 85.2% 73.4% 
EP2d 0.35-0.325-0.325-0-0 
0.97 12 0.54 1.08 0.54 
5.1% 1.8% 1.2% 5.6% 3.7% 
71.3% 78.7% 66.9% 85.2% 73.4% 
EP2e 0.4-0.3-0.3-0-0 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP2f 0.45-0.275-0.275-0-0 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP2g 0.5-0.25-0.25-0-0 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP2h 0.55-0.225-0.225-0-0 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP2i 0.6-0.2-0.2-0-0 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP2j 0.65-0.175-0.175-0-0 
1.21 12 0.26 0.89 0.39 
6.4% 1.8% 0.6% 4.6% 2.6% 
89.4% 76.0% 32.4% 69.9% 52.9% 
EP2l 0.7-0.15-0.15-0-0 
1.30 10 0.13 0.82 0.39 
6.9% 1.5% 0.3% 4.3% 2.7% 
95.5% 63.6% 16.7% 65.0% 53.2% 
EP2m 0.75-0.125-0.125-0-0 
1.30 10 0.13 0.82 0.39 
6.9% 1.5% 0.3% 4.3% 2.7% 
95.5% 63.6% 16.7% 65.0% 53.2% 
EP2n 0.8-0.1-0.1-0-0 
1.30 10 0.13 0.82 0.39 
6.9% 1.5% 0.3% 4.3% 2.7% 
95.5% 63.6% 16.7% 65.0% 53.2% 
EP2o 0.85-0.075-0.075-0-0 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP2p 0.9-0.05-0.05-0-0 
1.34 5 0.07 0.59 0.29 
7.1% 0.8% 0.2% 3.1% 2.0% 
98.7% 32.4% 8.8% 46.4% 39.3% 
EP2q 0.95-0.025-0.025-0-0 
1.35 4 -0.14 0.45 0.24 
7.2% 0.6% -0.3% 2.3% 1.7% 
99.9% 26.7% -17.2% 35.5% 33.1% 
EP2r 1-0-0-0-0 
1.36 5 -0.24 0.44 0.23 
7.2% 0.7% -0.5% 2.3% 1.6% 
100.0% 31.1% -30.0% 34.4% 31.6% 
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Table 5.10. Double weighton KPY as on density, zero weights other wood traits (EP3) – 
Expected changes from multi-trait selection in Eucalyptus pellita, tabulated as: actual gain 
(first line), percentage gain over mean (second line), and percentage of the gain achieved from 
single trait selection (third line). 
Simulation Weights 
Expected change 
DBH DEN KPY MOE MfA 
EP3a 0-0.333-0.667-0-0 
0.47 11 0.67 0.94 0.43 
2.5% 1.7% 1.5% 4.9% 2.9% 
35.0% 72.6% 83.1% 74.3% 58.0% 
EP3b 0.05-0.317-0.633-0-0 
0.47 11 0.67 0.94 0.43 
2.5% 1.7% 1.5% 4.9% 2.9% 
35.0% 72.6% 83.1% 74.3% 58.0% 
EP3c 0.1-0.3-0.6-0-0 
0.47 11 0.67 0.94 0.43 
2.5% 1.7% 1.5% 4.9% 2.9% 
35.0% 72.6% 83.1% 74.3% 58.0% 
EP3d 0.15-0.283-0.567-0-0 
0.77 12 0.63 0.96 0.47 
4.1% 1.7% 1.4% 5.0% 3.1% 
56.7% 74.6% 77.5% 75.9% 63.1% 
EP3e 0.2-0.267-0.533-0-0 
0.89 11 0.61 1.02 0.51 
4.7% 1.7% 1.3% 5.3% 3.5% 
65.8% 73.6% 75.1% 80.8% 69.6% 
EP3f 0.25-0.25-0.5-0-0 
0.89 11 0.61 1.02 0.51 
4.7% 1.7% 1.3% 5.3% 3.5% 
65.8% 73.6% 75.1% 80.8% 69.6% 
EP3g 0.3-0.233-0.467-0-0 
0.89 11 0.61 1.02 0.51 
4.7% 1.7% 1.3% 5.3% 3.5% 
65.8% 73.6% 75.1% 80.8% 69.6% 
EP3h 0.35-0.217-0.433-0-0 
0.89 11 0.61 1.02 0.51 
4.7% 1.7% 1.3% 5.3% 3.5% 
65.8% 73.6% 75.1% 80.8% 69.6% 
EP3i 0.4-0.2-0.4-0-0 
0.98 11 0.56 1.03 0.53 
5.2% 1.7% 1.2% 5.4% 3.5% 
72.4% 74.1% 68.9% 81.4% 71.1% 
EP3j 0.45-0.183-0.367-0-0 
0.98 11 0.56 1.03 0.53 
5.2% 1.7% 1.2% 5.4% 3.5% 
72.4% 74.1% 68.9% 81.4% 71.1% 
EP3l 0.5-0.167-0.333-0-0 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP3m 0.55-0.15-0.3-0-0 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP3n 0.6-0.133-0.267-0-0 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP3o 0.65-0.117-0.233-0-0 
1.10 12 0.44 1.04 0.52 
5.9% 1.8% 1.0% 5.4% 3.5% 
81.3% 78.3% 55.0% 82.3% 69.9% 
EP3p 0.7-0.1-0.2-0-0 
1.21 12 0.26 0.89 0.39 
6.4% 1.8% 0.6% 4.6% 2.6% 
89.4% 76.0% 32.4% 69.9% 52.9% 
EP3q 0.75-0.083-0.167-0-0 
1.30 10 0.13 0.82 0.39 
6.9% 1.5% 0.3% 4.3% 2.7% 
95.5% 63.6% 16.7% 65.0% 53.2% 
EP3r 0.8-0.067-0.133-0-0 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP3s 0.85-0.05-0.1-0-0 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP3u 0.9-0.033-0.067-0-0 
1.34 5 0.07 0.59 0.29 
7.1% 0.8% 0.2% 3.1% 2.0% 
98.7% 32.4% 8.8% 46.4% 39.3% 
EP3v 0.95-0.017-0.033-0-0 
1.35 4 -0.14 0.45 0.24 
7.2% 0.6% -0.3% 2.3% 1.7% 
99.9% 26.7% -17.2% 35.5% 33.1% 
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Table 5.11. Five times weighton KPY as on density, zero weights other wood traits (EP4) – 
Expected changes from multi-trait selection in Eucalyptus pellita, tabulated as: actual gain 
(first line), percentage gain over mean (second line), and percentage of the gain achieved from 
single trait selection (third line). 
Simulation 
Weights 
Expected change 
DBH DEN KPY MOE MfA 
EP4a 0-0.167-0.833-0-0 
0.26 5 0.78 0.69 0.33 
1.4% 0.8% 1.7% 3.6% 2.2% 
19.0% 32.1% 97.2% 54.3% 45.0% 
EP4b 0.05-0.158-0.792-0-0 
0.31 7 0.77 0.76 0.36 
1.6% 1.0% 1.7% 3.9% 2.4% 
22.7% 42.8% 94.9% 59.7% 48.3% 
EP4c 0.1-0.15-0.75-0-0 
0.35 8 0.75 0.82 0.41 
1.8% 1.1% 1.6% 4.3% 2.8% 
25.7% 49.2% 93.3% 64.7% 56.0% 
EP4d 0.15-0.142-0.708-0-0 
0.50 7 0.74 0.75 0.40 
2.6% 1.1% 1.6% 3.9% 2.7% 
36.7% 45.7% 91.7% 59.3% 54.0% 
EP4e 0.2-0.133-0.667-0-0 
0.80 10 0.66 0.80 0.38 
4.3% 1.5% 1.4% 4.2% 2.5% 
59.2% 63.8% 81.9% 63.0% 50.9% 
EP4f 0.25-0.125-0.625-0-0 
0.89 10 0.64 0.92 0.44 
4.7% 1.5% 1.4% 4.8% 3.0% 
65.6% 63.5% 80.0% 72.4% 60.0% 
EP4g 0.3-0.117-0.583-0-0 
0.89 10 0.64 0.92 0.44 
4.7% 1.5% 1.4% 4.8% 3.0% 
65.6% 63.5% 80.0% 72.4% 60.0% 
EP4h 0.35-0.108-0.542-0-0 
0.89 10 0.64 0.92 0.44 
4.7% 1.5% 1.4% 4.8% 3.0% 
65.6% 63.5% 80.0% 72.4% 60.0% 
EP4i 0.4-0.1-0.5-0-0 
0.89 10 0.64 0.92 0.44 
4.7% 1.5% 1.4% 4.8% 3.0% 
65.6% 63.5% 80.0% 72.4% 60.0% 
EP4j 0.45-0.092-0.458-0-0 
0.89 10 0.64 0.92 0.44 
4.7% 1.5% 1.4% 4.8% 3.0% 
65.6% 63.5% 80.0% 72.4% 60.0% 
EP4l 0.5-0.083-0.417-0-0 
1.03 10 0.55 0.88 0.42 
5.4% 1.5% 1.2% 4.6% 2.8% 
75.7% 63.2% 68.1% 69.5% 56.5% 
EP4m 0.55-0.075-0.375-0-0 
1.03 10 0.55 0.88 0.42 
5.4% 1.5% 1.2% 4.6% 2.8% 
75.7% 63.2% 68.1% 69.5% 56.5% 
EP4n 0.6-0.067-0.333-0-0 
1.09 10 0.49 1.00 0.51 
5.8% 1.5% 1.1% 5.2% 3.4% 
80.1% 62.8% 61.2% 79.2% 68.5% 
EP4o 0.65-0.058-0.292-0-0 
1.13 10 0.44 1.04 0.57 
6.0% 1.5% 1.0% 5.4% 3.9% 
83.2% 62.2% 54.8% 82.4% 77.4% 
EP4p 0.7-0.05-0.25-0-0 
1.13 10 0.44 1.04 0.57 
6.0% 1.5% 1.0% 5.4% 3.9% 
83.2% 62.2% 54.8% 82.4% 77.4% 
EP4q 0.75-0.042-0.208-0-0 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP4r 0.8-0.033-0.167-0-0 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP4s 0.85-0.025-0.125-0-0 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP4u 0.9-0.017-0.083-0-0 
1.34 5 0.07 0.59 0.29 
7.1% 0.8% 0.2% 3.1% 2.0% 
98.7% 32.4% 8.8% 46.4% 39.3% 
EP4v 0.95-0.008-0.042-0-0 
1.34 5 0.07 0.59 0.29 
7.1% 0.8% 0.2% 3.1% 2.0% 
98.7% 32.4% 8.8% 46.4% 39.3% 
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Table 5.12. Ten times weighton KPY as on density, zero weights other wood traits (EP5) – 
Expected changes from multi-trait selection in Eucalyptus pellita, tabulated as: actual gain 
(first line), percentage gain over mean (second line), and percentage of the gain achieved from 
single trait selection (third line). 
Simulation Weights 
Expected change 
DBH DEN KPY MOE MfA 
EP5a 0-0.091-0.909-0-0 
0.07 4 0.80 0.57 0.26 
0.4% 0.6% 1.7% 3.0% 1.7% 
5.3% 23.6% 98.8% 45.0% 34.9% 
EP5b 0.05-0.086-0.864-0-0 
0.16 4 0.79 0.62 0.28 
0.8% 0.6% 1.7% 3.2% 1.9% 
11.6% 26.0% 98.2% 48.8% 37.7% 
EP5c 0.1-0.082-0.818-0-0 
0.26 5 0.78 0.69 0.33 
1.4% 0.8% 1.7% 3.6% 2.2% 
19.0% 32.1% 97.2% 54.3% 45.0% 
EP5d 0.15-0.077-0.773-0-0 
0.41 4 0.77 0.62 0.32 
2.2% 0.7% 1.7% 3.2% 2.1% 
30.0% 28.6% 95.6% 48.9% 43.0% 
EP5e 0.2-0.073-0.727-0-0 
0.41 4 0.77 0.62 0.32 
2.2% 0.7% 1.7% 3.2% 2.1% 
30.0% 28.6% 95.6% 48.9% 43.0% 
EP5f 0.25-0.068-0.682-0-0 
0.77 8 0.69 0.90 0.50 
4.1% 1.2% 1.5% 4.7% 3.4% 
56.5% 50.2% 85.2% 71.2% 67.5% 
EP5g 0.3-0.064-0.636-0-0 
0.86 9 0.66 0.90 0.48 
4.6% 1.4% 1.4% 4.7% 3.3% 
63.2% 57.8% 81.8% 71.2% 65.2% 
EP5h 0.35-0.059-0.591-0-0 
0.89 10 0.64 0.92 0.44 
4.7% 1.5% 1.4% 4.8% 3.0% 
65.6% 63.5% 80.0% 72.4% 60.0% 
EP5i 0.4-0.055-0.545-0-0 
0.89 10 0.64 0.92 0.44 
4.7% 1.5% 1.4% 4.8% 3.0% 
65.6% 63.5% 80.0% 72.4% 60.0% 
EP5j 0.45-0.05-0.5-0-0 
0.89 10 0.64 0.92 0.44 
4.7% 1.5% 1.4% 4.8% 3.0% 
65.6% 63.5% 80.0% 72.4% 60.0% 
EP5l 0.5-0.045-0.455-0-0 
0.92 7 0.64 0.92 0.50 
4.9% 1.1% 1.4% 4.8% 3.4% 
67.5% 47.4% 79.8% 72.5% 67.5% 
EP5m 0.55-0.041-0.409-0-0 
1.05 7 0.55 0.88 0.47 
5.6% 1.1% 1.2% 4.6% 3.2% 
77.5% 47.1% 67.9% 69.6% 64.0% 
EP5n 0.6-0.036-0.364-0-0 
1.05 7 0.55 0.88 0.47 
5.6% 1.1% 1.2% 4.6% 3.2% 
77.5% 47.1% 67.9% 69.6% 64.0% 
EP5o 0.65-0.032-0.318-0-0 
1.09 10 0.49 1.00 0.51 
5.8% 1.5% 1.1% 5.2% 3.4% 
80.1% 62.8% 61.2% 79.2% 68.5% 
EP5p 0.7-0.027-0.273-0-0 
1.13 10 0.44 1.04 0.57 
6.0% 1.5% 1.0% 5.4% 3.9% 
83.2% 62.2% 54.8% 82.4% 77.4% 
EP5q 0.75-0.023-0.227-0-0 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP5r 0.8-0.018-0.182-0-0 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP5s 0.85-0.014-0.136-0-0 
1.32 7 0.13 0.82 0.45 
7.0% 1.1% 0.3% 4.3% 3.0% 
97.4% 47.4% 16.4% 65.1% 60.7% 
EP5u 0.9-0.009-0.091-0-0 
1.34 5 0.07 0.59 0.29 
7.1% 0.8% 0.2% 3.1% 2.0% 
98.7% 32.4% 8.8% 46.4% 39.3% 
EP5v 0.95-0.005-0.045-0-0 
1.34 5 0.07 0.59 0.29 
7.1% 0.8% 0.2% 3.1% 2.0% 
98.7% 32.4% 8.8% 46.4% 39.3% 
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5.4. Discussion 
Progress toward achievement of any breeding objective is a function of the level of genetic control 
of each trait, the phenotypic variation in the selection traits, the selection intensity that can be 
applied to each trait and the genetic relationships amongst the traits under selection. Genetic gain 
estimates can be estimated readily for single traits using heritability, phenotypic variance and the 
selection intensity (Falconer & Mackay 1996; Williams et al. 2002). Here the results of simulated 
selection using an index derived as the sum of each breeding value multiplied by relative weights 
(zero to one, that sum to one) are used to investigate potential gains from single trait, paired-trait 
and multi-trait selection. It is assumed that future timber of CCV produced in Queensland 
(Australia) will primarily be used for solid wood products grown on 20-30 year rotations, while 
timber of Eucalyptus pellita produced in Vietnam will primarily be used as pulpwood, grown on 
relatively short rotations of 4-7 years. Therefore, different breeding objects are appropriate for these 
two species; however, in the absence of true economic weights for each trait it is difficult to 
objectively determine the most appropriate weights to apply to each trait. Nevertheless it is very 
unlikely that any reduction in wood quality is likely to be acceptable in either market. Further, we 
assume that forest growers will continue to be paid primarily on the basis of volume (i.e. $/m
3
), 
with prices discounted for poor quality by little/no premium paid for improved quality. 
Consequently, it is desirable that selection will maximise gains in growth traits while ensuring 
wood quality does not deteriorate as an indirect consequence of selection for improved growth 
rates. Therefore sets of weights are sought that will: 
a) maximise the expected change in growth traits while also ensuring positive responses in all 
wood traits, and/or 
b) achieve near maximum gains wood traits will sacrificing relatively little loss in growth 
traits. 
Single trait selection, if all traits are independent, can be expected to maximise the gain in the trait. 
However, genetic correlations among traits will result in changes to traits that are not under 
selection. In CCV and E. pellita the percentage gains achievable were greatest for growth traits, and 
similar gains were possible in both species for all wood traits (Tables 5.1 and 5.2). These results are 
similar to the findings in Costa E Silva et al. (2000); although the examined species were different, 
the authors reported that, for Picea abies at 15 and 18 years of age, the maximum expected genetic 
responses in spiral grain, wood density and diameter were -1.0 degree, 14.5 kg/m
3
 and 1.1 cm 
respectively.  
When selection was applied on volume (CCV) or diameter (E. pellita) alone, this resulted in 
positive responses in all wood traits in the case of CCV, but for E. pellita led to predicted reduction 
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in Kraft pulp yield. This demonstrates that selection on growth alone may result in undesirable 
changes in wood quality. Similarly, simulated paired-trait selection resulted in markedly different 
outcomes in CCV compared to E. pellita (Figures 5.1 and 5.2) of with gains in volume enhanced in 
CCV by incorporation of selection of one wood trait but for E. pellita any reallocation of selection 
weight from DBH to a wood trait reduced potential gain in diameter.  This reflects differences in the 
heritability of each trait and the genetic correlations amongst the traits as documented in Chapters 3 
and 4. However, it is suggestive that while multi-trait selection is required in E. pellita to ensure 
positive response in all wood traits while maximising response in DBH, benefits from multi-trait 
selection may in fact be greater in CCV due to enhanced gains in volume. Weights on VOL, DEN, 
KPY, MOE and MfA such as the following: 
i) 0.7 – 0.075 – 0.075 – 0.075 – 0.075 (CCV1o, Table 5.3) 
ii) 0.6 – 0.1778 – 0.0444 – 0.0889 – 0.0889 (CCV2m, Table 5.4) and 
iii) 0.65 – 0.1556 – 0.0389 – 0.0778 – 0.0389 (CCV3n, Table 5.5) 
resulted in  gains over 14.6% in volume, and substantial positive gains in all wood traits. CCV1o 
maximised response in volume (Table 5.3). However, to achieve gains in wood properties 
exceeding that possible from selection on each trait alone, some gain in volume must be traded off 
against these additional gains in wood quality traits, for example CCV4g (Table 5.6) provided 
11.6%, 2.4%, 6.0% and 2.6% gains in VOL, DEN, MOE and MfA but sacrifices approximately 3% 
gain in volume. A reduction of 3% in volume is unlikely to be offset by improvements in price, 
consequently the weights recommended for CCV for the production of solid wood in Queensland 
are 0.7 – 0.075 – 0.075 – 0.075 – 0.075 (CCV1o, Table 5.3) on VOL, DEN, KPY, MOE and MfA 
respectively leading to predicted gains of 14.9%, 1.4%, 0.9%, 4.4% and 2.3% in VOL, DEN, KPY, 
MOE and MfA respectively from selection of the top 10% of parents in the population evaluated in 
Chapter 3.  
In contrast to the results obtained from multi-trait selection in CCV, any reallocation of selection 
weight from DBH to wood traits resulted in a reduction in gain in the growth trait. However, as 
pointed out above, ignoring wood quality traits and selecting only on DBH can be expected to result 
in adverse changes in KPY. Sets of selection weights maximising the expected response in diameter 
while providing positive changes in all wood traits were: 
i) 0.65 – 0.088 – 0.088 – 0.088 – 0.088 (EP1j, Table 5.8) 
ii) 0.90 – 0.05 – 0.05 – 0.0 – 0.0 (EP2p, Table 5.9) 
iii) 0.90 – 0.033 – 0.067 – 0.0 – 0.0 (EP3u, Table 5.10) 
iv) 0.95 – 0.008 – 0.042 – 0.0 – 0.0 (EP4v, Table 5.11) 
v) 0.095 – 0.005 – 0.045 – 0.0 – 0.0 (EP5v, Table 5.12). 
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Selection weights ii) to v) in the above list all provide the same outcomes in terms of expected 
gains, indicating that they are selecting the same set of parents. For simplicity, weights of 0.9, 0.05 
and 0.05 on DBH, DEN and KPY appear to be most suitable, resulting in predicted gains of 7.1%, 
0.8% and 0.2% in DBH, DEN and KPY respectively (EP2o, Table 5.9). However, as pulp 
productivity is a function of volume per hectare (m
3
/ha), density (t/m
3
) and Kraft pulp yield (%), as 
such selection weights that maximise gains in density and Kraft pulp yield, while sacrificing some 
gain in growth traits may be more advantageous. Nevertheless, it is difficult to objectively evaluate 
trade-offs in diameter compared to potential gains in density and Kraft pulp yield. Selection weights 
such as EP5p (Table 5.12) are expected to deliver gains of 6.0% in DBH, 1.5% in density and 1.0% 
in Kraft pulp yield, trading off 1.1% gain in DBH to achieve 0.7% gain in DEN and 0.8% gain in 
KPY. Further investigation of the impacts on volume/ha, density and pulp yield on returns and costs 
of transport and pulp production are required to determine appropriate economic weights (Greaves 
et al. 1997), however if as Greaves et al. (1997) suggests volume and density contribute 
approximately equally to a breeding objective to minimise costs of pulp production and that both of 
these traits are nearly twice as important as Kraft pulp yield, then selection weights such EP2g (0.50 
– 0.25 – 0.25) which yield 81.3%, 78.3% and 55% (Table 5.9) of maximum gain in DBH, DEN and 
KPY may be appropriate for a breeding objective focusing on the production of pulpwood in E. 
pellita. The results found here for E. pellita was similar to those reported for E. globulus by 
Borralho et al. (1993) that selection indices integrating growth, wood density and pulp yield led to 
maximise genetic gain in breeding objectives.  
5.5. Conclusion 
This study provides insights into the impact of selection strategies in CCV and E. pellita 
populations. For both species, selection pressure for growth can be combined with selection for 
wood property traits to achieve simultaneous genetic gains in all traits. Breeding value predictions 
enabled the selection of parents for individual traits so that genetically improved seed may provide 
an increase in the profitability of planted forests managed for both solid wood and pulpwood 
production.  
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Appendices 
Appendix 5.1. Percentage genetic gain achievable for target traits following selection of the 
top 10% of the Corymbia citriodora subsp. variegata population using an index with weights 
incremented by 10% for each selection trait and restricted to sum of 100% for pairs of traits 
(bivariate) including volume (Vol), basic density (DEN), Kraft pulp yield (KPY), modulus of 
elasticity (MOE) and microfibril angle (MfA). 
Combinations Gain V Gain Den Gain KPY GainMOE Gain MfA 
1-0-0-0-0 14.1% 1.0% 0.6% 2.8% 1.3% 
0.9-0.1-0-0-0 14.3% 1.1% 0.7% 3.2% 1.5% 
0.8-0.2-0-0-0 14.3% 1.5% 0.7% 4.0% 1.8% 
0.7-0.3-0-0-0 13.8% 1.8% 0.7% 4.3% 1.8% 
0.6-0.4-0-0-0 13.4% 2.0% 0.6% 4.4% 1.7% 
0.5-0.5-0-0-0 12.6% 2.1% 0.6% 4.3% 1.5% 
0.4-0.6-0-0-0 11.3% 2.2% 0.5% 4.5% 1.5% 
0.3-0.7-0-0-0 10.4% 2.3% 0.5% 4.7% 1.6% 
0.2-0.8-0-0-0 9.8% 2.4% 0.5% 4.9% 1.7% 
0.1-0.9-0-0-0 9.2% 2.3% 0.4% 4.7% 1.6% 
0-1-0-0-0 7.3% 2.3% 0.4% 4.7% 1.6% 
1-0-0-0-0 14.1% 1.0% 0.6% 2.8% 1.3% 
0.9-0-0.1-0-0 14.4% 1.1% 0.8% 3.3% 1.7% 
0.8-0-0.2-0-0 14.5% 1.2% 0.8% 3.5% 1.7% 
0.7-0-0.3-0-0 14.1% 1.2% 1.0% 3.8% 2.1% 
0.6-0-0.4-0-0 14.3% 1.3% 1.1% 4.3% 2.4% 
0.5-0-0.5-0-0 13.6% 1.2% 1.2% 4.3% 2.5% 
0.4-0-0.6-0-0 12.4% 1.2% 1.3% 4.6% 2.8% 
0.3-0-0.7-0-0 10.9% 1.2% 1.4% 4.8% 3.0% 
0.2-0-0.8-0-0 10.5% 1.1% 1.3% 4.7% 2.9% 
0.1-0-0.9-0-0 8.1% 0.9% 1.4% 4.2% 3.0% 
0-0-1-0-0 5.6% 0.7% 1.2% 3.6% 2.5% 
1-0-0-0-0 14.1% 1.0% 0.6% 2.8% 1.3% 
0.9-0-0-0.1-0 14.4% 1.2% 0.8% 3.5% 1.8% 
0.8-0-0-0.2-0 14.6% 1.2% 0.8% 3.8% 1.9% 
0.7-0-0-0.3-0 14.4% 1.4% 0.9% 4.5% 2.3% 
0.6-0-0-0.4-0 13.9% 1.6% 0.9% 5.3% 2.8% 
0.5-0-0-0.5-0 12.6% 1.7% 0.9% 5.5% 2.9% 
0.4-0-0-0.6-0 11.1% 1.6% 1.0% 5.7% 3.3% 
0.3-0-0-0.7-0 10.7% 1.7% 1.0% 5.9% 3.4% 
0.2-0-0-0.8-0 9.7% 1.7% 1.0% 5.9% 3.3% 
0.1-0-0-0.9-0 8.3% 1.7% 0.9% 6.0% 3.3% 
0-0-0-1-0 5.2% 1.3% 0.7% 4.4% 2.5% 
1-0-0-0-0 14.1% 1.0% 0.6% 2.8% 1.3% 
0.9-0-0-0-0.1 14.5% 1.1% 0.8% 3.5% 1.8% 
0.8-0-0-0-0.2 15.1% 1.2% 0.9% 4.0% 2.2% 
0.7-0-0-0-0.3 15.0% 1.3% 0.9% 4.5% 2.5% 
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Combinations Gain V Gain Den Gain KPY Gain MOE Gain MfA 
0.6-0-0-0-0.4 13.7% 1.3% 1.1% 5.4% 3.3% 
0.5-0-0-0-0.5 13.1% 1.3% 1.1% 5.9% 3.8% 
0.4-0-0-0-0.6 11.3% 1.3% 1.1% 6.3% 4.3% 
0.3-0-0-0-0.7 9.6% 1.3% 1.1% 6.1% 4.3% 
0.2-0-0-0-0.8 8.3% 1.0% 1.1% 6.0% 4.5% 
0.1-0-0-0-0.9 6.6% 0.8% 1.0% 5.4% 4.2% 
0-0-0-0-1 1.7% 0.4% 0.5% 2.8% 2.2% 
0-1-0-0-0 7.3% 2.3% 0.4% 4.7% 1.6% 
0-0.9-0.1-0-0 7.5% 2.2% 0.5% 4.7% 1.6% 
0-0.8-0.2-0-0 7.9% 2.4% 0.6% 5.2% 1.9% 
0-0.7-0.3-0-0 8.8% 2.4% 0.8% 5.6% 2.3% 
0-0.6-0.4-0-0 9.0% 2.2% 1.1% 5.9% 2.8% 
0-0.5-0.5-0-0 8.8% 2.0% 1.2% 5.8% 2.9% 
0-0.4-0.6-0-0 9.2% 1.9% 1.2% 5.6% 2.8% 
0-0.3-0.7-0-0 9.2% 1.5% 1.4% 5.2% 3.0% 
0-0.2-0.8-0-0 9.1% 1.3% 1.4% 4.9% 3.0% 
0-0.1-0.9-0-0 7.8% 1.0% 1.4% 4.5% 3.0% 
0-0-1-0-0 5.6% 0.7% 1.2% 3.6% 2.5% 
0-1-0-0-0 7.3% 2.3% 0.4% 4.7% 1.6% 
0-0.9-0-0.1-0 7.4% 2.2% 0.5% 4.7% 1.6% 
0-0.8-0-0.2-0 7.6% 2.2% 0.5% 5.1% 2.0% 
0-0.7-0-0.3-0 7.4% 2.2% 0.6% 5.3% 2.2% 
0-0.6-0-0.4-0 7.4% 2.2% 0.6% 5.4% 2.3% 
0-0.5-0-0.5-0 7.7% 2.2% 0.7% 5.6% 2.4% 
0-0.4-0-0.6-0 7.1% 2.0% 0.7% 5.7% 2.7% 
0-0.3-0-0.7-0 7.0% 1.9% 0.7% 5.8% 3.1% 
0-0.2-0-0.8-0 7.2% 1.8% 0.8% 5.8% 3.2% 
0-0.1-0-0.9-0 7.3% 1.8% 0.8% 5.8% 3.2% 
0-0-0-1-0 5.2% 1.3% 0.7% 4.4% 2.5% 
0-1-0-0-0 7.3% 2.3% 0.4% 4.7% 1.6% 
0-0.9-0-0-0.1 7.6% 2.2% 0.5% 4.8% 1.8% 
0-0.8-0-0-0.2 7.6% 2.2% 0.6% 5.3% 2.1% 
0-0.7-0-0-0.3 7.8% 2.2% 0.7% 5.7% 2.5% 
0-0.6-0-0-0.4 6.8% 2.0% 0.8% 5.9% 3.2% 
0-0.5-0-0-0.5 6.7% 1.9% 0.8% 5.9% 3.3% 
0-0.4-0-0-0.6 7.2% 1.7% 0.9% 6.1% 3.7% 
0-0.3-0-0-0.7 6.5% 1.6% 0.9% 6.0% 3.8% 
0-0.2-0-0-0.8 5.2% 1.3% 0.9% 5.6% 3.8% 
0-0.1-0-0-0.9 4.4% 0.8% 0.9% 5.1% 3.9% 
0-0-0-0-1 1.7% 0.4% 0.5% 2.8% 2.2% 
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Combinations Gain V Gain Den Gain KPY Gain MOE Gain MfA 
0-0-1-0-0 5.6% 0.7% 1.2% 3.6% 2.5% 
0-0-0.9-0.1-0 6.1% 0.8% 1.2% 3.9% 2.8% 
0-0-0.8-0.2-0 6.6% 0.9% 1.2% 4.2% 2.8% 
0-0-0.7-0.3-0 6.2% 1.0% 1.2% 4.6% 3.0% 
0-0-0.6-0.4-0 6.1% 1.1% 1.1% 4.9% 3.2% 
0-0-0.5-0.5-0 7.1% 1.3% 1.1% 5.3% 3.3% 
0-0-0.4-0.6-0 6.7% 1.4% 1.0% 5.2% 3.1% 
0-0-0.3-0.7-0 6.8% 1.4% 0.9% 5.3% 3.1% 
0-0-0.2-0.8-0 6.6% 1.5% 0.9% 5.3% 3.1% 
0-0-0.1-0.9-0 6.4% 1.4% 0.8% 5.1% 2.9% 
0-0-0-1-0 5.2% 1.3% 0.7% 4.4% 2.5% 
0-0-1-0-0 5.6% 0.7% 1.2% 3.6% 2.5% 
0-0-0.9-0-0.1 5.0% 0.7% 1.1% 3.7% 2.6% 
0-0-0.8-0-0.2 4.6% 0.8% 1.1% 4.0% 2.9% 
0-0-0.7-0-0.3 4.9% 0.7% 1.1% 4.1% 3.0% 
0-0-0.6-0-0.4 4.8% 0.8% 1.1% 4.3% 3.1% 
0-0-0.5-0-0.5 4.4% 0.8% 1.0% 4.5% 3.2% 
0-0-0.4-0-0.6 4.2% 0.8% 1.0% 4.5% 3.2% 
0-0-0.3-0-0.7 4.3% 0.7% 1.0% 4.4% 3.2% 
0-0-0.2-0-0.8 3.4% 0.6% 0.8% 4.2% 3.1% 
0-0-0.1-0-0.9 2.3% 0.4% 0.7% 3.8% 3.1% 
0-0-0-0-1 1.7% 0.4% 0.5% 2.8% 2.2% 
0-0-0-1-0 5.2% 1.3% 0.7% 4.4% 2.5% 
0-0-0-0.9-0.1 4.7% 1.2% 0.6% 4.2% 2.4% 
0-0-0-0.8-0.2 4.3% 1.0% 0.6% 3.9% 2.4% 
0-0-0-0.7-0.3 4.0% 0.9% 0.6% 3.8% 2.4% 
0-0-0-0.6-0.4 3.7% 0.8% 0.6% 3.4% 2.2% 
0-0-0-0.5-0.5 2.7% 0.7% 0.5% 3.1% 2.1% 
0-0-0-0.4-0.6 2.4% 0.6% 0.5% 3.0% 2.1% 
0-0-0-0.3-0.7 2.2% 0.5% 0.5% 2.9% 2.1% 
0-0-0-0.2-0.8 2.2% 0.5% 0.5% 2.9% 2.1% 
0-0-0-0.1-0.9 1.9% 0.5% 0.5% 2.9% 2.2% 
0-0-0-0-1 1.7% 0.4% 0.5% 2.8% 2.2% 
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Appendix 5.2. Percentage gain achievable for target traits following selection of the top 10% 
of the Eucalyptus pellita population using an index with weights incremented by 10% for each 
selection trait and restricted to sum of 100% for pairs of traits (bivariate) including diameter 
at breast height over bark (DBH), basic density (DEN), Kraft pulp yield (KPY), modulus of 
elasticity (MOE) and microfibril angle (MfA). 
Combinations % Genetic gains 
DBH-DEN-KPY-MOE-
MFA Gain DBH Gain Den Gain KPY GainMOE GainMFA 
1-0-0-0-0 7.2% 0.7% -0.5% 2.3% 1.6% 
0.9-0.1-0-0-0 7.0% 1.3% -0.3% 3.3% 2.3% 
0.8-0.2-0-0-0 6.9% 1.7% 0.0% 4.2% 2.5% 
0.7-0.3-0-0-0 6.6% 1.9% 0.1% 4.5% 2.6% 
0.6-0.4-0-0-0 6.6% 1.9% 0.1% 4.5% 2.6% 
0.5-0.5-0-0-0 6.6% 1.9% 0.1% 4.5% 2.6% 
0.4-0.6-0-0-0 6.3% 2.0% 0.4% 4.9% 3.0% 
0.3-0.7-0-0-0 5.6% 2.1% 0.6% 5.0% 3.0% 
0.2-0.8-0-0-0 4.6% 2.2% 0.5% 4.9% 2.8% 
0.1-0.9-0-0-0 3.1% 2.3% 0.3% 4.1% 2.1% 
0-1-0-0-0 1.2% 2.3% 0.4% 4.1% 2.2% 
1-0-0-0-0 7.2% 0.7% -0.5% 2.3% 1.6% 
0.9-0-0.1-0-0 7.1% 0.8% 0.2% 3.1% 2.0% 
0.8-0-0.2-0-0 7.0% 1.1% 0.3% 4.3% 3.0% 
0.7-0-0.3-0-0 6.0% 1.0% 1.0% 4.6% 3.5% 
0.6-0-0.4-0-0 5.6% 1.1% 1.2% 4.6% 3.2% 
0.5-0-0.5-0-0 4.9% 1.1% 1.4% 4.8% 3.4% 
0.4-0-0.6-0-0 4.9% 1.1% 1.4% 4.8% 3.4% 
0.3-0-0.7-0-0 3.6% 0.8% 1.6% 4.0% 2.8% 
0.2-0-0.8-0-0 2.2% 0.7% 1.7% 3.2% 2.1% 
0.1-0-0.9-0-0 0.7% 0.3% 1.7% 2.0% 1.0% 
0-0-1-0-0 0.3% 0.2% 1.7% 1.7% 0.9% 
1-0-0-0-0 7.2% 0.7% -0.5% 2.3% 1.6% 
0.9-0-0-0.1-0 7.0% 1.1% 0.3% 4.3% 3.0% 
0.8-0-0-0.2-0 7.0% 1.1% 0.3% 4.3% 3.0% 
0.7-0-0-0.3-0 6.9% 1.2% 0.2% 4.5% 3.0% 
0.6-0-0-0.4-0 6.7% 1.3% 0.2% 4.9% 3.4% 
0.5-0-0-0.5-0 6.1% 1.6% 0.6% 5.6% 3.8% 
0.4-0-0-0.6-0 5.9% 1.4% 0.5% 5.8% 4.3% 
0.3-0-0-0.7-0 5.3% 1.4% 0.7% 6.2% 4.5% 
0.2-0-0-0.8-0 4.4% 1.5% 0.9% 6.5% 4.7% 
0.1-0-0-0.9-0 3.7% 1.3% 0.8% 6.6% 4.7% 
0-0-0-1-0 3.1% 1.3% 0.8% 6.6% 4.8% 
1-0-0-0-0 7.2% 0.7% -0.5% 2.3% 1.6% 
0.9-0-0-0-0.1 7.1% 0.9% -0.1% 3.6% 2.8% 
0.8-0-0-0-0.2 7.0% 1.1% 0.3% 4.3% 3.0% 
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Combinations % Genetic gains 
DBH-DEN-KPY-MOE-
MFA Gain DBH Gain Den Gain KPY GainMOE GainMFA 
0.7-0-0-0-0.3 6.8% 1.1% 0.3% 4.7% 3.5% 
0.6-0-0-0-0.4 6.1% 1.0% 0.5% 5.5% 4.3% 
0.5-0-0-0-0.5 5.6% 1.1% 0.6% 5.8% 4.6% 
0.4-0-0-0-0.6 5.6% 1.1% 0.6% 5.8% 4.6% 
0.3-0-0-0-0.7 4.9% 0.9% 0.7% 6.0% 4.8% 
0.2-0-0-0-0.8 4.9% 0.9% 0.7% 6.0% 4.8% 
0.1-0-0-0-0.9 4.1% 1.0% 0.8% 6.3% 4.9% 
0-0-0-0-1 1.8% 0.7% 0.9% 6.1% 5.0% 
0-1-0-0-0 1.2% 2.3% 0.4% 4.1% 2.2% 
0-0.9-0.1-0-0 1.4% 2.3% 0.6% 4.6% 2.5% 
0-0.8-0.2-0-0 2.5% 2.3% 0.8% 4.6% 2.4% 
0-0.7-0.3-0-0 2.3% 2.1% 1.0% 5.1% 3.0% 
0-0.6-0.4-0-0 2.2% 2.0% 1.2% 4.9% 2.9% 
0-0.5-0.5-0-0 2.8% 1.9% 1.3% 5.0% 2.9% 
0-0.4-0.6-0-0 2.5% 1.7% 1.5% 4.9% 2.9% 
0-0.3-0.7-0-0 2.5% 1.5% 1.5% 4.4% 2.4% 
0-0.2-0.8-0-0 1.8% 1.1% 1.6% 4.3% 2.8% 
0-0.1-0.9-0-0 0.4% 0.6% 1.7% 3.0% 1.7% 
0-0-1-0-0 0.3% 0.2% 1.7% 1.7% 0.9% 
0-1-0-0-0 1.2% 2.3% 0.4% 4.1% 2.2% 
0-0.9-0-0.1-0 1.4% 2.3% 0.6% 4.6% 2.5% 
0-0.8-0-0.2-0 2.7% 2.3% 0.7% 5.3% 3.0% 
0-0.7-0-0.3-0 2.7% 2.3% 0.7% 5.3% 3.0% 
0-0.6-0-0.4-0 3.9% 2.2% 0.9% 6.0% 3.8% 
0-0.5-0-0.5-0 3.9% 2.2% 0.9% 6.0% 3.8% 
0-0.4-0-0.6-0 4.1% 2.1% 0.9% 6.2% 4.1% 
0-0.3-0-0.7-0 3.6% 1.9% 0.9% 6.4% 4.2% 
0-0.2-0-0.8-0 4.3% 1.9% 0.9% 6.4% 4.3% 
0-0.1-0-0.9-0 3.6% 1.7% 0.8% 6.6% 4.3% 
0-0-0-1-0 3.1% 1.3% 0.8% 6.6% 4.8% 
0-1-0-0-0 1.2% 2.3% 0.4% 4.1% 2.2% 
0-0.9-0-0-0.1 1.2% 2.3% 0.4% 4.1% 2.2% 
0-0.8-0-0-0.2 2.7% 2.3% 0.7% 5.3% 3.0% 
0-0.7-0-0-0.3 3.9% 2.2% 0.9% 6.0% 3.8% 
0-0.6-0-0-0.4 4.1% 2.1% 0.9% 6.2% 4.1% 
0-0.5-0-0-0.5 3.1% 2.0% 0.9% 6.1% 4.3% 
0-0.4-0-0-0.6 3.9% 1.8% 0.9% 6.4% 4.6% 
0-0.3-0-0-0.7 3.9% 1.8% 0.9% 6.4% 4.6% 
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Combinations % Genetic gains 
DBH-DEN-KPY-MOE-
MFA Gain DBH Gain Den Gain KPY GainMOE GainMFA 
0-0.2-0-0-0.8 3.8% 1.5% 0.9% 6.5% 4.8% 
0-0.1-0-0-0.9 3.3% 1.1% 0.9% 6.2% 4.9% 
0-0-0-0-1 1.8% 0.7% 0.9% 6.1% 5.0% 
0-0-1-0-0 0.3% 0.2% 1.7% 1.7% 0.9% 
0-0-0.9-0.1-0 0.4% 0.6% 1.7% 3.0% 1.7% 
0-0-0.8-0.2-0 1.6% 0.7% 1.7% 4.1% 2.6% 
0-0-0.7-0.3-0 2.1% 1.0% 1.6% 4.6% 2.9% 
0-0-0.6-0.4-0 2.3% 1.4% 1.5% 5.4% 3.7% 
0-0-0.5-0.5-0 1.8% 1.1% 1.4% 5.7% 4.1% 
0-0-0.4-0.6-0 1.8% 1.1% 1.4% 5.7% 4.1% 
0-0-0.3-0.7-0 2.8% 1.3% 1.0% 6.5% 4.8% 
0-0-0.2-0.8-0 3.6% 1.2% 1.0% 6.5% 4.8% 
0-0-0.1-0.9-0 3.1% 1.3% 0.8% 6.6% 4.8% 
0-0-0-1-0 3.1% 1.3% 0.8% 6.6% 4.8% 
0-0-1-0-0 0.3% 0.2% 1.7% 1.7% 0.9% 
0-0-0.9-0-0.1 0.4% 0.6% 1.7% 3.0% 1.7% 
0-0-0.8-0-0.2 1.6% 0.7% 1.7% 4.1% 2.6% 
0-0-0.7-0-0.3 1.8% 1.1% 1.5% 5.2% 3.7% 
0-0-0.6-0-0.4 1.8% 1.1% 1.4% 5.7% 4.1% 
0-0-0.5-0-0.5 3.0% 1.0% 1.3% 5.9% 4.4% 
0-0-0.4-0-0.6 3.0% 1.0% 1.3% 5.9% 4.4% 
0-0-0.3-0-0.7 3.1% 0.8% 0.9% 6.3% 5.0% 
0-0-0.2-0-0.8 3.1% 0.8% 0.9% 6.3% 5.0% 
0-0-0.1-0-0.9 3.1% 0.8% 0.9% 6.3% 5.0% 
0-0-0-0-1 1.8% 0.7% 0.9% 6.1% 5.0% 
0-0-0-1-0 3.1% 1.3% 0.8% 6.6% 4.8% 
0-0-0-0.9-0.1 3.1% 1.3% 0.8% 6.6% 4.8% 
0-0-0-0.8-0.2 3.1% 1.3% 0.8% 6.6% 4.8% 
0-0-0-0.7-0.3 3.1% 1.3% 0.8% 6.6% 4.8% 
0-0-0-0.6-0.4 3.1% 1.3% 0.8% 6.6% 4.8% 
0-0-0-0.5-0.5 3.4% 0.8% 0.7% 6.4% 4.9% 
0-0-0-0.4-0.6 3.4% 0.8% 0.7% 6.4% 4.9% 
0-0-0-0.3-0.7 3.4% 0.8% 0.7% 6.4% 4.9% 
0-0-0-0.2-0.8 3.1% 0.8% 0.9% 6.3% 5.0% 
0-0-0-0.1-0.9 3.1% 0.8% 0.9% 6.3% 5.0% 
0-0-0-0-1 1.8% 0.7% 0.9% 6.1% 5.0% 
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUSIONS 
Planted forests play a significant role in artificial reforestation or afforestation. Today there are 
approximately 264 million hectares of forest plantations accounting for 7% of all forests, and this 
area expands each year by around 5 million hectares (Food and Agriculture Organization of United 
Nations [FAO] 2014). These plantations not only play an important role in supporting sustainable 
forest management but also are sources of many products (e.g. round-wood, fibre, fuel-wood and 
non-wood forest products) as well as fixing atmospheric carbon dioxide. There are large area of 
planted forests in both Australia and Vietnam: over 2 million hectares of industrial plantations have 
been established in Australia, about half of this area is exotic softwood and most of the remaining 
area is hardwood species (Department of Agriculture, Fisheries and Forestry [DAFF] 2014); in 
Vietnam, approximately 3.2 million hectares of forest plantations have been planted up to 2012 
using Eucalyptus and Acacia species and several other native species (Vietnam Forest Protection 
Department [VNFPD] 2014). These published data, however, only reflect the area of planted forests 
in the two countries; and may not adequately reflect the quality of established plantations and the 
proportion of successful plantings. For example, approximately 25,000 hectares of hardwood 
plantations failed in north-eastern Australia due to poor taxa selection, pest and diseases and 
extreme weather events (Lee et al. 2011).  
In any reforestation or afforestation program, to eliminate impediments and reduce the risk of 
investment in planted forests, it is necessary to better understand the suitability of sites and 
species/taxa for plantation establishment. To help facilitate this understanding in forestry, 
species/taxa elimination trials are initially established in different regions to select the most suitable 
species/taxa for particular sites. After selecting species, provenances/seed sources within species 
and/or progeny within provenance trials are carried out to select the best provenances within species 
and families within provenances. Subsequently, genetic parameters and genetic gains are estimated 
using data obtained from these trials for specific traits of interest. This thesis has focused on the use 
of NIR technology to improve the reliability of decision making on above-mentioned issues: 
Chapter 2 investigates the suitability of species/taxa and sites; Chapters 3 and 4 aim to select the 
best provenances/seed sources and families within provenances, and estimate genetic parameters for 
the two promising species (CCV and E. pellita); and Chapter 5 develops relative weights that can be 
used in selection to maximise the production high quality wood for use in solid wood products and 
of pulpwood. Both growth and wood properties are of interest in this thesis.    
In relation to the quality of planted forests (particularly in Vietnam) data on wood properties such as 
pulp yield, wood density, stiffness and microfibril angle are limited. Traditional methods of 
assessing such properties require destructive sampling and are both expensive and laborious, 
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thereby limiting the number of samples that can be analysed when resources are fixed. On the other 
hand, government, forestry enterprises and customers have internationally been paying more 
attention to wood quality. Thus, in parallel with improvement of stem straightness, increasing 
disease resistance and increasing volume, wood properties have now become a major focus in many 
forest tree improvement programs. To rapidly assess wood properties and greatly increase the 
numbers of samples that can be processed on finite budgets, near infrared (NIR) spectroscopy has 
been developed and applied in many countries. This technology has enabled the assessment of 
standing trees in tree improvement programs (Schimleck 2008). NIR spectroscopy offers an 
inexpensive and rapid alternative to classical laboratory methods for estimation of wood properties. 
The major advantages of NIR are that it can be used for determining multiple wood properties from 
each sample, samples can be collected from standing trees and samples can be analysed quickly at a 
low cost. Thus it is an appropriate approach for tree improvement programs where assessment of a 
large number of trees is usually required and elite individual trees need to be retained for use future 
parents. Hence, tree breeders are beginning to realise the potential of this technology for the 
selection of species/provenance/trees with superior wood quality. In this thesis, NIR calibration 
models developed and provided by Commonwealth Scientific and Industrial Research Organisation 
(CSIRO) are used to predict wood quality traits (density, Kraft pulp yield, modulus of elasticity and 
microfibril angle) for a large number of samples collected from various species/taxa across sites in 
Australia and Vietnam. Additionally, growth traits of the species/taxa have also been investigated to 
provide a better understanding of these species/taxa. 
Chapter 2 uses a linear mixed model to estimate variance components to determine the level of 
genetic control in each trial and provide predictions of species/taxa performance. The across trial 
analyses for each trait were used to generate predictions of growth and wood traits in each 
environment for each taxon so that principal component-based bi-plots and hierarchical clustering 
analyses could be used to assist with interpretation of the patterns of species/taxa performance 
across sites and traits. Chapters 3 and 4 utilise three sets of models: a univariate model for analyses 
of each trait (single-trial analyses); a bivariate model for analyses of paired traits across trials; and a 
model for across-trial analyses of each trait. These were conducted to generate the best linear 
unbiased predictions of provenance/seed source performance and heritability estimates for each trait 
in each trial, between-trait additive genetic and provenance/seed source correlations, and between-
site additive genetic and provenance/seed source correlations for CCV and E. pellita. The results of 
this work are also used in following chapter (Chapter 5). In Chapter 5 deterministic simulation is 
applied to iteratively estimate genetic gain for various combinations of relative selection weights in 
both CCV for production of solid wood in Queensland and E. pellita for the production of 
pulpwood on short rotations in Vietnam. Derived relative weights can subsequently be applied to 
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select trees as parents of the next generation of breeding and/or to select trees for retention in 
seedling seed orchards, and will lead to genetically improved CCV and E. pellita seed for 
afforestation in the future.   
The large-scale establishment of commercial hardwood plantations in north-eastern Australia 
requires optimal selection of taxa in relation to sites. An extensive field trial network has been 
established to evaluate alternative hardwood taxa across a wide range of sites in this region (Lee et 
al. 2011). These trials provide data both on growth and wood quality traits to support the hardwood 
industry. This thesis provides information on the productivity and wood properties of studied taxa, 
and hence provides a more robust basis for taxa selection. This information is useful for forest 
managers in developing an understanding how stands of eucalypts varied across geographical 
locations during the first 10 years of age. In addition, wood properties of the most promising taxa 
can provide useful information to refine the number of candidate species/taxa by identifying those 
with both high productivity and desired wood quality. Results indicated (Chapter 2): CCV 
performed well in terms of both growth and wood properties; although their wood properties were 
inferior to that of CCV, E. dunnii, E. argophloia, E. longirostrata and E. cloeziana also showed fast 
growth and good adaptability to various sites, making them potential targets for tree improvement 
programs in north-eastern Australia. The methods developed and demonstrated here may be used 
advantageously to evaluate species/taxa for growth, survival and wood quality for plantation 
forestry in other regions with diverse edaphic and climatic conditions.  
The hardwood planted forests are usually intensively managed for objectives of pulp and solid 
wood products. Based on results from Chapter 2 in this thesis and from published the literature (Lee 
et al. 2011; Brawner et al. 2013), CCV and E. pellita are two species that may satisfy these 
objectives in many regions. Chapters 3, 4 and 5 focus upon details required to undertaking genetic 
analyses of growth and wood properties to provide both genetic parameter estimates and predicting 
breeding values. Wood properties predicted using samples collected from standing trees were 
analysed by NIR, to better understand the genetic control of growth and wood traits, and the genetic 
correlations amongst growth and wood traits. These analyses provide useful information in 
instructing the direction of breeding strategies and identifying genetic material that should be used 
in further breeding programs.  
For CCV, the key findings from Chapters 3 and 5 lie in a range of genetic parameter estimates 
based on three open-pollinated progeny trials in southeast Queensland. These estimates show that 
narrow-sense heritabilities were consistently higher than the provenance proportion of phenotypic 
variances indicating that a greater level of genetic control within rather than between populations. 
Levels of genetic control were moderate for both growth and wood quality traits. Genetic 
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correlation estimates for the same trait assessed across trials were high at both the family and 
provenance levels imply genotype by environment interaction is of little importance, and should 
have modest impact on selection across these environments. The striking results were the 
favourable genetic correlations between growth and wood quality traits. The negative relationships 
among MfA and volume, DEN, KPY and MOE can lead to simultaneous genetic gains in MfA and 
all other traits. Multi-trait selection for growth and wood properties was able to provide additional 
gain in volume compared to selection on volume alone: a relative weight of 0.7 on volume and the 
equal weights of 0. 075 on each of the four wood traits was found to maximise expected change in 
volume (14.9%), while also delivering favourable responses in DEN, KPY, MOE and MfA of 
1.4%, 0.9%, 4.4% and 2.3% respectively. These weights will deliver favourable gains from the 
genetic improvement of CCV for the production of timber for (primarily) solid wood products. In 
Queensland the production of pulpwood is expected to continue to be of only a minor, secondary 
importance, so selection strategies for this species should be to maximise volume, DEN and MOE, 
and minimize MfA.  
For E. pellita, a summary of principal findings from Chapters 4 and 5 follow. The growth rates of E. 
pellita are good, and its wood properties are suitable for both pulping and solid timber production. 
Heritability estimates were lower for DBH and wood density than for KPY, MOE and MFA. 
However, all of these traits are under a moderate genetic control and therefore the species can offer 
good opportunities for substantial genetic improvement of these traits. The negative correlations 
among MFA and other traits were favourable. Nonetheless, the negative and no correlations 
between DBH and KPY, DBH and wood density, and KPY and wood density, respectively, were 
unfavourable. The highest genetic correlation was found amongst wood density and MOE, 
indicating that greater wood density is associated with higher MOE at the family level in the present 
species. Variation was much higher at the family level than the provenance level, and genotype by 
environment interactions were low in these two trials. A small negative correlation between DBH 
and KPY led to unfavourable genetic responses if selection focused only on growth traits and 
ignored wood quality. Relative selection weights were examined for E. pellita in Vietnam, where it 
was assumed that this species would be grown on short rotations primarily for the production of 
pulpwood. In contrast to CCV, any reallocation of selection weight from diameter (DBH) to wood 
quality traits resulted in a reduction on expected gain in diameter. To maximise gain in diameter 
while ensuring positive responses in both density and Kraft pulp yield, weights of 0.9, 0.05 and 0.05 
on DBH, DEN and KPY (with zero weights on MOE and MfA) appear to be most suitable, 
resulting in predicted gains of 7.1%, 0.8% and 0.2% in DBH, DEN and KPY respectively. Here we 
assume small holder farmers in Vietnam will continue to be paid primarily on the volume of logs 
produced, hence selection weights that maximise growth will ensure no negative response in either 
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DEN or KPY and most likely to maximise returns. Alternative breeding objectives (e.g. to minimise 
cost of pulpwood production) will most probably be maximised by other selection weights.  
Recommendation for future work 
A number of issues have been addressed in this thesis to investigate genetically improved 
populations of hardwood forest trees involving both growth and wood quality traits. The topics 
concentrate on using existing NIR calibration models to predict wood properties of interest and 
identifying most appropriate genetic material for use in establishing hardwood planted forests. 
Although the thesis does not go through an exhaustive examination of all aspects of the tree 
improvement process, it has provided significant conclusions: productivity and wood properties of 
promising taxa for deployment in north-eastern Australia were identified using unbalanced data 
collected across multiple trials established in this region; NIR determinations of wood properties 
were used to estimate genetic parameter for growth and wood properties in family with seed source 
(usually provenances) trials of both CCV and E. pellita established in Queensland and Vietnam; 
parental breeding values for growth and wood properties were used through deterministic 
simulations to identify selection index weights for CCV and E. pellita breeding objectives focused 
on solid wood and pulp wood respectively.  
This work suggests the outlook for the future: NIR technology should be more applied to many 
other forest tree species, and therefore will be to forestry in Vietnam; CCV out-performs other taxa 
so that this taxon will be tested in more different environmental conditions such as in Vietnam; E. 
pellita is a promising species in terms of both solid wood and pulpwood products leading to the 
species being a subject of further tree improvement programs; and selection strategies focused on 
growth and wood properties will likely be the most challenging issues in forestry based industry. 
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